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“Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.”

— Marie Sktodowska Curie
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ABSTRACT

Breast cancer (BC) is the most commonly occurring cancer in women and the second most
common cancer worldwide. BCs comprise a diverse group of tumors, which are characterized by a wide
spectrum of clinical, pathologic, and molecular features. This wide range of factors accounts for
disparities in response to therapy and outcomes among patients. The main determinant for the
prognosis of a BC patient is the expression of estrogen receptor (ER), progesterone receptor (PR) and
Human Epidermal Growth Factor Receptor 2 (HER2). Patients presenting these biomarkers have
specific targeted treatments and favorable prognosis. However, patients with the triple-negative
breast cancer (TNBC) subtype do not express the conventional biomarkers ER, PR, and HER2, being
“negatively defined”. Also, TNBCs are not only remarkably inter- and intra-heterogeneous, as they
usually present a more aggressive behavior, with large locally advanced breast lesion or metastatic
disease developing shortly after adjuvant chemotherapy. Thus, TNBC is considered one of the most
relevant unmet medical problems in BC management and women with this subtype have worse
outcome compared to other BC patients.

Epidemiologically, TNBC comprises 10-20% of BC cases globally. Nonetheless, TNBC prevalence
and mortality is higher in women of African-ancestry, particularly in younger patients. Even when
accounting for socioeconomic factors and independently of other risk factors, African-ancestry
patients present a faster and more aggressive clinical course of TNBC, comparing with other
populations. However, Ancestry-specific molecular mechanisms involved in the increased
aggressiveness and earlier age of onset of TNBC in Black-origin patients remain poorly clarified.

The present PhD thesis aimed to unravel African ancestry-associated transcriptomic patterns in
TNBC, particularly when controlling for menopause status or pathological staging, as well as to identify
signaling pathways and network regulators potentially involved in the higher incidence and
aggressiveness of TNBC in African-ancestry women in comparison with White women.

We started by exploring the clinicopathological data from a group of BC patients comprised by
African-ancestry and White women, from The Cancer Genome Atlas (TCGA), and observed a
significantly higher TNBC incidence in the African-American (AA) group. Given the reported younger
age of onset and poorer prognosis of African-ancestry BC cases, patients were then grouped according
to their menopause status and pathological stage of the disease. Interestingly, we observed
particularly in premenopausal and stage |l disease a significantly lower survival probability of African-
American patients comparing with their White counterparts. These observations prompt us to perform
differential gene expression analysis (DGEA), using RNA-sequencing data, between African-ancestry
and White TNBC patients, controlling for the menopause status and/or pathological stage of the
disease. Remarkably, despite studies consistently highlighting the earlier age of TNBC onset in African-
ancestry patients, our results suggest that differences in transcription profile between patients groups
tend to be greater when controlling for disease’s pathological stage than when controlling for
menopause status. To exclude the identified differences which can be observed in normal mammary
tissue, we performed identical DGEA with RNA-sequencing data from normal-adjacent BC tissue from
AA and White patients from TCGA. Finally, we also compared the expression profile of TNBCs and
normal breast tissue from AA patients, to identify gene expression alterations that the breast tissue
acquires in order to develop TNBC in this group of patients. With thousands of differentially expressed
genes recovered among the different groups of patients, DGEA results showed that there are indeed
gene expression ancestry-associated differences to justify TNBC's epidemiological and clinical
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observations. Thus, we proceeded to refine DGEA results, in order to find potential leading molecules
involved in the ancestry-associated TNBC discrepancy.

Gene set enrichment analysis (GSEA), using collections of diseases and pathways from Kyoto
Encyclopedia of Genes and Genomes (KEGG), was performed to identify altered pathways and
biological processes between the different groups of AA and White patients, taking into account
patients’ menopausal status and disease’s pathological stage. Among the enriched gene sets observed,
we highlighted Hippo signaling pathway as the most downregulated gene set identified in AA patients,
comparing with matching White patients, in the following established groups: all TNBC,
postmenopausal, stage Il, and postmenopausal/stage Il. This downregulation is potentially promoting
tumorigenesis in AA patients, since downregulation of Hippo pathway promotes the transcription of
genes involved in cell proliferation and competition, cell death inhibition, epithelial-to-mesenchymal
transition and tumor metastasis. Furthermore, gene sets from the cellular community and cell motility
gene collections are also downregulated in AA patients from the previously mentioned groups,
suggesting that the integrity of cell-cell contacts and actin cytoskeleton organization, fundamental in
epithelial tissue homeostasis, are impaired, promoting tumor cells dissociation and subsequent
metastasis, in agreement with the poorer prognosis of these patients. Also, since BC gene set,
comprised by genes involved in the tumorigenic process in the breast, is consistently upregulated in
AA patients in the same comparisons, we hypothesize that AA patients have a higher activation of
components and processes involved in BC development, which may explain TNBC's faster progression
and aggressive behavior of these particular patients. Finally, we highlight that MAPK signaling pathway,
which regulate a variety of cellular processes, including proliferation, differentiation, apoptosis and
stress responses, playing a crucial role in the survival and development of cancer cells, is upregulated
specifically in stage Il disease AA patients, suggesting that this pathway may contribute to the observed
discrepancy in the survival rate between the AA and White TNBC patients in this stage of the disease.

To identify potential driving molecules involved in the ancestry-associated TNBC discrepancy,
we also performed Ingenuity Pathway Analysis (IPA)’s core analysis with focus on network design, using
the complete lists of genes obtained through DGEA. Networks in IPA produced a map of known
interactions between molecules, where highly interconnected networks are likely to represent
significantly altered biological functions and where central network regulators, i.e., differentially
expressed genes with more direct and indirect connections in its network, are potential drivers for
ancestry-associated biological differences. IPA’s network design highlighted a central role for EGFR,
Myc and Bcl2 genes in discriminating differences in transcription profiles of AA and White TNBC
patients. These findings triggered our interest for the following reasons. EGFR, which promote cell
proliferation, motility, and survival, via activation of various downstream signaling pathways, including
MAPK and PI3K-AKT-mTOR, and is frequently reported as overexpressed in several cancers, including
TNBC, is downregulated in AA patients, comparing with matching White patients in our study. This
resultis in line with a previous report, in which EGFR expression in BC and TNBC has a nonlinear relation
with disease outcome, with both lower and higher expression associated with worse outcome,
compared to intermediate expression levels. Thus, we suggest that underexpression of EGFR may
promote a worse outcome specifically in African-ancestry TNBC patients. Myc, which is involved in cell
growth, proliferation, metabolism, differentiation, stress pathways, drug resistance and apoptosis, and
is stated as being overexpressed in TNBC in studies mostly composed by White patients or cell lines,
has here an even higher expression in the African-ancestry patients, which may contribute to the
poorer outcome of this group of patients. Finally, Bcl2, which acts by promoting cell survival instead of
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driving cell proliferation, is downregulated specifically in premenopausal African-ancestry patients. In
line with previous studies, Bcl2’s negative expression in TNBC was significantly associated with high
proliferation and an increased risk of death and recurrence. Interestingly, BCL2 is also significantly
downregulated in TNBC compared to normal-adjacent BC tissue in AAs, suggesting that this
transcription impairment may contribute to TNBC development in premenopausal African-ancestry
patients.

Thus, we selected EGFR, Myc and Bcl2 for further validation in samples from a group of TNBC
patients followed in a Portuguese hospital, through immunohistochemistry (IHC). Additionally, we also
included B-Catenin in this validation, which we observed to be downregulated in AA patients
presenting postmenopausal status and stage |l disease, due to the crescent number of studies about
Whnt/B-catenin signaling as a therapeutic target in many tumors, as well as because B-Catenin
expression has been consensually reported as being required for TNBC development by controlling
numerous tumor-associated properties, including migration, stemness, anchorage-independent
growth and chemosensitivity.

Remarkably, even though DGEA were performed with USA patients’ RNA-sequencing data and
IHC in patients’ samples from a Portuguese hospital, gene and protein differential expression between
African-ancestry and White patients show equivalent results. Since AA population is predominantly of
Niger-Kordofanian/western Africa ancestry, and most of the African-ancestry patients followed in
Portugal are from Western Africa countries, our results suggest that at least patients with Western
Africa ancestry, besides having an higher incidence of TNBC, as reported in other studies, also share
some TNBC-associated molecular features, distinct from White patients.

Taken together, this PhD thesis provides novel insights into ancestry-associated gene expression
patterns between African-ancestry and White TNBCs, particularly when controlling for patients’
menopause status or pathological stage of the disease at diagnosis. In particular, we observed that
EGFR, Myc, Bcl2 and B-catenin gene and protein differential expression match in geographically and
culturally distinct populations, suggesting these markers as being important indicators of TNBC's
ancestry-associated development. Thus, we expect that these findings have a significant impact in the
prognosis and selection of therapeutic strategies specific for African-ancestry TNBC patients.

Keywords: Triple-negative breast cancer. Ancestry-associated disease risk . African ancestry .
Differential gene expression . RNA-sequencing data
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RESUMO

O cancro da mama (CM) é o cancro que ocorre mais frequentemente em mulheres e o segundo
mais comum a nivel mundial. Os CM englobam um grupo diverso de tumores, que sdo caracterizados
por um amplo espetro de caracteristicas clinicas, patoldgicas e moleculares. Esta ampla gama de
fatores leva a disparidades na resposta a terapias por parte dos doentes. O principal determinante no
prognéstico de um doente com CM é a expressao do recetor de estrogénio (RE), do recetor de
progesterona (RP) e do Human Epidermal Growth Factor Receptor 2 (HER2). Doentes que apresentem
estes biomarcadores tém terapias alvo especificas e um progndstico mais favoravel. No entanto,
doentes que apresentem o subtipo de cancro da mama triplo-negativo (CMTN) ndo expressam os
biomarcadores convencionais RE, RP e HER2, e sdo, por isso, “definidos negativamente”. Além disso,
os CMTN sdo notavelmente inter- e intra-heterogéneos, e apresentam habitualmente um
comportamento mais agressivo, com grandes lesdes localmente avancadas ou desenvolvimento de
metastases imediatamente apds quimioterapia adjuvante. Assim, os CMTN sdo considerados um dos
mais relevantes problemas médicos em CM e mulheres com este subtipo tém piores resultados clinicos
do que doentes com outros subtipos de CM.

Epidemiologicamente, o CMTN perfaz 10-20% dos casos globais de CM. No entanto, a
prevaléncia e mortalidade do CMTN s3do mais elevadas em mulheres de ascendéncia africana,
particularmente em doentes mais jovens. Mesmo quando considerando fatores socioeconémicos e
independentemente de outros fatores de risco, mulheres de ascendéncia africana apresentam uma
evolucdo mais rapida e agressiva do CMTN, comparativamente a doentes de outras populagdes. No
entanto, os mecanismos moleculares envolvidos nesta discrepancia associada a ancestralidade das
doentes e relacionados com uma maior agressividade e idade mais jovem destas doentes ainda esta
pouco clarificado.

A presente tese de doutoramento tem como objetivo principal desvendar os padrdes
transcriptomicos associados a ancestralidade de doentes de ascendéncia africana com CMTN,
particularmente quando controlando para a condigdo menopausica das doentes e para o estadio
patoldgico da doenga, e identificar vias de sinalizagdo e reguladores de redes moleculares que estao
potencialmente envolvidos na incidéncia mais elevada e agressividade do CMTN em mulheres de
ascendéncia africana, comparando com doentes caucasianas.

Comegamos por explorar os dados clinicopatoldgicos de um grupo de doentes com CM
composto por mulheres de ascendéncia africana e caucasiana, retirados do The Cancer Genome Atlas
(TCGA), onde observamos uma incidéncia significativamente mais elevada de CMTN entre as doentes
Afro-Americanas (AA). Considerando dados anteriormente publicados em como as doentes com CM
de ascendéncia africana sdo diagnosticadas numa idade mais jovem e tém pior progndstico, as doentes
foram entdo agrupadas de acordo com a sua condicdo menopadusica e com o estadio patoldgico da
doenga. Curiosamente, observdmos uma probabilidade de sobrevivéncia significativamente mais baixa
especificamente em doentes AA no estado pré-menopausico e com a doenga no estadio I, quando
comparando com as suas homadlogas caucasianas. Estas observagGes levaram-nos a realizar analises
de expressdo génica diferencial (differential gene expression analysis - DGEA), usando dados de
sequenciacdao de RNA, entre doentes AA com CMTN e doentes caucasianas, controlando para a
condicdo menopdusica e/ou para o estadio patoldgico da doenca. Notavelmente, e apesar de
diferentes estudos sublinharem o facto de que doentes com CMTN e ascendéncia africana sdo
diagnosticadas numa idade mais jovem, os nossos resultados sugerem que as diferencas no perfil de
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transcricdo entre as duas populacdes sdo maiores quando controlando para o estadio patoldgico da
doenca do que quando controlando para a condigdo menopausica da doente. Para excluir os genes
diferencialmente expressos entre as duas populages que também o sdo em tecido mamadrio normal,
realizamos uma DGEA comparando dados se sequenciacao de RNA de tecido normal adjacente a CM
de doentes AA e caucasianas do TCGA. Finalmente, também comparamos o perfil de expressao de
CMTN e tecido mamario normal adjacente a CM de doentes AA, de modo a identificarmos alteragGes
na expressao génica que o tecido mamario adquire para dar origem ao CMTN nesta popula¢do. Com
milhares de genes diferencialmente expressos identificados nos diferentes grupos de doentes, os
resultados da DGEA mostraram que, de facto, existe uma expressdao génica diferencial associada a
ancestralidade das doentes com CMTN.

Posteriormente, efetudmos uma andlise de enriquecimento de grupos de genes (Gene set
enrichment analysis — GSEA), usando cole¢des de doengas e vias moleculares da Kyoto Encyclopedia of
Genes and Genomes (KEGG), de modo a identificar vias de sinalizacdo e processos bioldgicos alterados
entre os diferentes grupos de doentes AA e caucasianas com CMTN, tendo em consideragdo a condicdo
menopausica e o estadio patoldgico da doenca. Entre os grupos de genes enriquecidos, destacamos a
via de sinalizacdo Hippo como sendo a que estd mais negativamente regulada nos seguintes grupos de
doentes AA, comparando com doentes caucasianas: todos os CMTN, pds-menopausa, estadio Il, e pds-
menopausa e estadio Il. Esta regulagdo negative potencia a tumorigénese em doentes AA, uma vez
qgue a regulacdo negativa da via de sinalizacdo Hippo promove a transcricdo de genes envolvidos na
proliferacdo e competicdo celular, inibicdo da morte celular, transicdo epitélio-mesenquimal e
formacdo de metdstases. Adicionalmente, grupos de genes das cole¢cdes comunidade celular e
motilidade celular estdo também negativamente regulados em doentes AA dos grupos anteriormente
mencionados, sugerindo que a integridade dos contactos célula-célula e que a organizacdo do
citoesqueleto de actina, fundamentais na homeostase do tecido epitelial, estardo enfraquecidos,
promovendo a dissociagdo de células tumorais e subsequente surgimento de metdstases, em
concordancia com o pior progndstico destas doentes. Além disso, uma vez que o grupo Cancro da
Mama, que inclui genes envolvidos no processo tumoral na mama, estdo consistentemente regulados
positivamente em doentes AA nas mesmas comparagdes, também sugerimos que estas doentes tém
uma atividade aumentada de componentes e processos envolvidos no desenvolvimento do CM, que
podem explicar a progressao mais rapida e a uma maior agressividade do CMTN nestas doentes.
Finalmente, destacamos que a via de sinalizagdo MAPK, responsdvel pela regulacdo de uma panéplia
de processos celulares, incluindo proliferacdo, diferenciacdo, apoptose e respostas a stress, tendo um
papel fundamental na sobrevivéncia e desenvolvimento das células cancerigenas, estd positivamente
regulada especificamente nas doentes AA que apresentam a doenga no estadio Il, sugerindo que esta
via podera contribuir para a discrepancia observada relativamente a sobrevivéncia das doentes das
duas populagdes diagnosticadas neste estadio da doenga.

De modo a identificar potenciais moléculas responsaveis pela discrepancia associada a
ancestralidade das doentes com CMTN, através do Ingenuity Pathway Analysis (IPA), realizamos uma
andlise com foco no design de redes moleculares, usando a lista completa de genes obtidos nas
diferentes DGEA. As redes moleculares produzidas pelo IPA refletem um mapa de interagbes
conhecidas entre as moléculas, onde redes moleculares altamente interconectadas sdo mais provaveis
de representar alteragdes significativas nas fungdes bioldgicas e onde os reguladores centrais de cada
rede molecular, i.e., genes diferencialmente expressos com mais liga¢Ges diretas e indiretas na sua
rede, sdo potencialmente responsdveis pelas diferencas bioldgicas observadas entre as duas
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populagdes. O design das redes moleculares do IPA destacou o papel central do EGFR, do Myc e do
Bcl2 nas diferencas transcriptémicas associadas a ancestralidade. Estas descobertas despertaram o
nosso interesse pelas seguintes razées. O EGFR, descrito como promotor da proliferacao, motilidade e
sobrevivéncia celular através da ativacdo de varias vias de sinalizacdo, incluindo as vias MAPK e PI3K-
AKT-mTOR, e sendo frequentemente descrito como estando superexpresso em varios tipos de cancro,
incluindo o CMTN, esta subexpresso nas doentes AA, quando comparando com doentes caucasiana
homdlogas. Este resultado esta em linha com um estudo anterior, na qual a expressdo de EGFR em CM
e CMTN tem uma relagdo ndo-linear com o resultado da doenga, sendo que uma expressao elevada
ou diminuida do EGFR estd associada a um pior resultado, comparando com os niveis intermédios de
expressao. Assim, sugerimos que a baixa expressao de EGFR poderda promover um pior resultado
especificamente nas doentes com CMTN de ascendéncia africana. O Myc, que estd envolvido no
crescimento celular, proliferagao, metabolismo, diferenciacao, vias de stress, resisténcia a farmacos e
apoptose, e que é descrito como estando superexpresso em CMTN em estudos maioritariamente
compostos por doentes de origem caucasiana ou linhas celulares, tem uma expressdo génica ainda
mais elevada nas doentes AA, o que podera contribuir para uma pior evolugdo da doenga neste grupo
de doentes. Finalmente, o Bcl2, que é descrito como sendo um promotor da sobrevivéncia celular, esta
subexpresso especificamente nas doentes AA pré-menopausicas. Em linha com estudos anteriores, a
baixa expressao de Bcl2 em CMTN foi significativamente associada a uma proliferacdo mais elevada e
a um aumento do risco de morte e recorréncia. Notavelmente, também observdmos uma
subexpressdao do BCL2 em CMTN comparativamente ao tecido normal adjacente ao CM em doentes
AA, sugerindo que esta alteracdo na transcricdo do gene podera contribuir para o desenvolvimento de
CMTN em doentes pré-menopadusicas de ascendéncia africana.

Assim, selecionamos os candidatos EGFR, Myc e Bcl2 para a sua expressdo ser validada em
amostras de doentes com CMTN seguidas num hospital portugués, através de imunohistoquimica
(IHC). Adicionalmente, também incluimos a B-Catenina nesta validagdo, sendo que anteriormente
tinhamos observado que o seu gene se encontrava subexpresso em doentes AA pds-menopausicas e
diagnosticadas com a doenga no estadio Il. Decidimos incluir a B-Catenina devido ao nimero crescente
de estudos sobre a via de sinalizacdo Wnt/B-catenina como alvo terapéutico em varios tipos de
tumores, bem como pelo facto de que a elevada expressdo da B-catenina tem sido consensualmente
descrita como sendo necessdria para o desenvolvimento do CMTN através do controlo de vdrias
propriedades tumorais, nomeadamente a migracdo, estaminalidade, crescimento celular e
guimiossensibilidade.

Notavelmente, apesar de a DGEA ter sido realizada usando dados de sequencia¢do de RNA de
doentes dos EUA, e de para a IHC termos usado amostras de doentes de um hospital portugués, a
expressao diferencial génica e proteica entre doentes de ascendéncia africana e doentes caucasianas
originaram resultados equivalentes. Uma vez que a populagdo AA tem predominantemente
ascendéncia Niger-Kordofanian/Africa Ocidental, e a sendo que as doentes com ascendéncia africana
seguidas em Portugal tém origem em paises da Africa Ocidental, os nossos resultados sugerem que
pelo menos as doentes com ancestralidade na Africa Ocidental, além de terem uma incidéncia mais
elevada de CMTN, como descrito noutros estudos, também partilham algumas caracteristicas
moleculares associadas ao CMTN distintas das das doentes caucasianas.

Assim, esta tese de doutoramento mostra uma nova perspetiva relativamente aos padrées de
expressao génica do CMTN associados a ancestralidade de doentes de ascendéncia africana e
caucasiana, particularmente quando considerando a condigdo menopausica ou o estadio patoldgico

XXVii



da doenga no diagndstico. Particularmente, observamos que a expressao diferencial génica e proteica
do EGFR, Myc, Bcl2 e B-catenina corresponde em populacSes de doentes geograficamente e
culturalmente distintas, sugerindo que estes marcadores sdo indicadores importantes do
desenvolvimento do CMTN associado a ancestralidade das doentes. Assim, esperamos que estas
descobertas venham a ter um impacto significativo no progndstico e nas opgdes terapéuticas
especificas para doentes com ascendéncia africana diagnosticadas com CMTN.

Palavras-chave: Cancro da mama triplo-negativo. Risco de doencga associado a ancestralidade.
Ascendéncia africana . Expressdo génica diferencial . Dados de sequencia¢cdo de RNA
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LIST OF ABBREVIATIONS

Abbreviation Full form

AA African-American

ADIPOQ Adiponectin

Al Adherens Junctions

AJCC American Joint Committee on Cancer

ALDHA1 Aldehyde Dehydrogenase 1 Family Member Al
ALK Anaplastic lymphoma kinase

AKT1 AKT Serine/Threonine Kinase 1

APOBEC Apolipoprotein B mRNA editing catalytic polypeptide-like
ATM ATM Serine/Threonine Kinase

ATP Adenosine triphosphate

BARD1 BRCA1 Associated RING Domain 1

BC Breast cancer

BCL2 B-Cell CLL/Lymphoma 2 apoptosis regulator
BCSC Breast cancer stem cells

BCV Biological coefficients of variation

BHLH Basic helix-loop-helix

BL1/2 Basal-like 1 or 2 TNBC subtype

BLIA Basal-like immune-activated TNBC subtype
BLIS Basal-like immune-suppressed TNBC subtype
BMI Body Mass Index

BRCA1/2 Breast cancer DNA repair associated proteins
BRIP1 BRCAL1 Interacting Protein C-Terminal Helicase 1
BSA Bovine serum albumin
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°C

CAV1
CCNE
CDC
CDH1
CDK6
CHEK2
CNA
cox2
CPM

CR
CRYBB2
Ccsc

CcT
CTNNA1
CTNNB1
CXCR4
DAB
DARC/ACKR1
DCIS
ddH,0
DEG
DFS
DGEA
DSB

DSS

Degree Celsius

Caveolin 1

G1/S-Specific Cyclin-E1

Center for Disease Control and Prevention
Cadherin 1, Type 1, E-Cadherin (Epithelial)
Cyclin Dependent Kinase 6

Checkpoint Kinase 2

Copy number aberration

Cyclooxygenase 2

Counts-per-million

Cox-Reid profile-adjusted likelihood (method)
Crystallin Beta B2

Cancer stem cells

Chemotherapy

a-Catenin

B-Catenin

C-X-C Motif Chemokine Receptor 4
3,3'-Diaminobenzidine

Atypical Chemokine Receptor 1 (Duffy Blood Group)
Ductal carcinoma in situ

Double-distilled water

Differentially expressed gene

Disease-free survival

Differential gene expression analysis
Double-strand breaks

Disease-specific survival



DNA
ECM
EGF
EGFR
EMT
EpCAM
EPCR
EPHA2
ER
ERK1/2
ESR1
EZH2
FAK
FANCA
FC
FDR
FFPE
FGFR1
FOXA1
FOXO3A
GATA3
GDC
G
GLM
GSEA

GWAS

Deoxyribonucleic acid

Extracellular matrix

Epidermal growth factor

Epidermal growth factor receptor
Epithelial-mesenchymal transition
Epithelial Cellular Adhesion Molecule
Endothelial Protein C-Receptor

Ephrin Type-A Receptor 2

Estrogen receptor

Extracellular signal-regulated kinases 1 and 2
Estrogen Receptor 1

Enhancer Of Zeste 2 Polycomb Repressive Complex 2 Subunit
Focal Adhesion Kinase

Fanconi Anemia Complementation Group A
Fold-change

False discovery rate

Formalin-fixed paraffin-embed

Fibroblast Growth Factor Receptor 1
Forkhead Box Protein Al

Forkhead Box Protein O3

GATA Binding Protein 3

Genomic Data Commons

Gap Junctions

Generalized linear model

Gene set enrichment analysis

Genome-Wide Association Studies
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H,0,
HER2
HFF
HR
HRD
HR-MAS-NMR
HRP
HSP90
HT

IcI
ICSBCS
ID

IDC
IGF1
IGF1R

IHC

INPP4B
IPA

IQR

JAK2
JAK/STAT

JAMs

Hour(s)

Hydrogen peroxide

Human Epidermal Growth Factor Receptor 2
Hospital Professor Doutor Fernando Fonseca
Hormone receptor

Homologous recombination deficiency

High-resolution Magic angle spinning Nuclear magnetic resonance

Horseradish Peroxidase

Heat shock protein 90 alpha family

Hormone therapy

Immune checkpoint inhibitor

International Center for the Study of Breast Cancer Subtypes
Ensembl Gene identifier

Invasive ductal carcinoma

Insulin Like Growth Factor 1

Insulin Like Growth Factor 1 Receptor
Immunohistochemistry

Interleukin

Invasive lobular carcinoma

Immunomodulatory TNBC subtype

Inositol Polyphosphate-4-Phosphatase Type Il B

Ingenuity Pathway Analysis

Interquartile range

Janus Kinase 2

Janus kinase/signal transducers and activators of transcription

Junctional Adhesion Molecules



KEGG

KIFC1

KMT2C

LAR

LCIS

LOH

LMP

mAb

MAPK

Mb

MD

MDM2

MDS

MEK1

MES

MET

MHC

min

mL

mM

MLL3

MMR

mRNA

MSL

MTOR

Kyoto Encyclopedia of Genes and Genomes

Kinesin Family Member C1

Lysine Methyltransferase 2C

Luminal androgen receptor TNBC subtype

Lobular carcinoma in situ

Loss of heterozygosity

Last menstrual period

Mesenchymal TNBC subtype according to Lehmann et al. 2011
Monoclonal antibody

Mitogen-activated protein kinase

Megabase

Mean-difference (plot)

MDM2 Oncogene, E3 Ubiquitin Protein Ligase
Multi-dimensional scaling (plot)

Mitogen-Activated Protein Kinase Kinase 1

Mesenchymal TNBC subtype according to Burstein et al. 2015
MET Proto-Oncogene, Receptor Tyrosine Kinase

Major histocompatibility complex

Minute(s)

milliLitre(s)

miliMolar

Myeloid/Lymphoid Or Mixed-Lineage Leukemia Protein 3
Mismatch repair

messengerRNA

Mesenchymal stem-like TNBC subtype

Mechanistic Target Of Rapamycin Kinase
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myYcC
NA
NACT
NBN
NCCN
NCI
NF1
NFKB
NGF
NGS
NK
OGN
OR
(0N
PALB2
PAM
PARP
PARPi
PBS
pCR
PD-1
PD-L1
PDGF
PFS
PGR

PI3K

MYC Proto-Oncogene, BHLH transcription factor
Not available

Neoadjuvant chemotherapy
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1. CANCER

Cancer is one of the leading causes of death worldwide, being responsible for almost 10 million
deaths in 2020. Globally, about 1 in 5 men or women develop the disease, and 1in 8 menand 1in 11
women die from it (Sung et al., 2021). Cancer or malignant tumors are broad terms used for a group
of distinct diseases in which the accumulation of genetic mutations in cells causes neoplasia. Those
abnormal cells are then able to invade adjacent tissue or to migrate and invade distant tissues.
Tumorigenesis, the biological process by which normal cells are transformed into malignant cancer
cells, which are further able to invade other tissues, has been the subject of a large research in the
biomedical sciences for many decades (DeVita and Rosenberg, 2012; Douglas Hanahan and Robert A.
Weinberg, 2000; Hanahan and Weinberg, 2011). This multistep process reflects the effect of genetic
alterations that influence key cellular pathways that drive normal cells into highly malignant
derivatives. Such genetic alterations may lead to the inactivation of tumor suppressor genes, genes
involved in DNA repair, oncogene activation and/or alteration of epigenetic modulation, which are
responsible for the neoplastic process (Szychot et al., 2013).

Proto-oncogenes transformation into oncogenes reflects a dominant mutational trait, which
normally affects a single allele, and usually involves amplifications, missense mutations, chromosomal
rearrangements and epigenetic event. Oncogenes become activated by structural alterations resulting
from mutation or gene fusion, by juxtaposition to enhancer elements, or by amplification.
Translocations and mutations can occur as initiating events or during tumor progression, while
amplification usually occurs during progression. Proto-oncogenes, such as EGFR, MYC, BCL2 or CTNNB1
encode proteins that control cell proliferation and/or apoptosis usually leading to uncontrolled cellular
growth when mutated (Carlo M. Croce, 2008; You and Jones, 2012).

In turn, tumor suppressor genes, such as RB1 or TP53, normally require inactivation of both
alleles to give rise to tumorigenesis. The loss of functional suppressor proteins deprives the cell of
crucial brakes, which prevent inappropriate growth. According to Knudson (Knudson, 1971), most
tumor suppressor genes are subject to recessive inactivation. In other words, the inactivation of a
single allele is not enough for the gene to lose its tumor suppressive activity, being necessary the
inactivation of the second allele (two-hit hypothesis of Knudson). In general, the recessive loss-of-
function alterations affecting tumor suppressor genes, include large chromosomal deletions (Loss Of
Heterozygosity — LOH) (Jones and Laird, 1999), missense, nonsense, base insertions and/or deletion
mutations (Weinberg, 1996) and epigenetic events, such as DNA methylation (You and Jones, 2012).

Repair genes constitute a subset of the tumor-suppressor gene class and are responsible for
DNA damage repair, being frequently inactivated in human cancers (Douglas Hanahan and Robert A.
Weinberg, 2000; Hanahan and Weinberg, 2011). Due to their cellular function, repair genes, such as
BRCA1/2 or PARP1, constitute a unique subset of the tumor-suppressor genes because they have a
more passive role in cell growth regulation. Instead, their inactivation in tumor cells results in an
increased rate of mutations in other cellular genes, including proto-oncogenes and other tumor-
suppressor genes (Ronen and Glickman, 2001).

Hanahan and Weinberg proposed that cancer cells can acquire up to ten hallmarks, or biological
competences, during the multistep process of tumorigenesis (Figure 1) (Douglas Hanahan and Robert
A. Weinberg, 2000; Hanahan and Weinberg, 2011). These 10 distinct and complementary capabilities
allow the development of cancer and its dissemination by metastasis.
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Figure 1 The Hallmarks of Cancer. Adapted from Hanahan & Weinberg, 2011.
Created with BioRender.

Cancer cells may acquire capabilities such as self-sufficiency in growth signals, allowing
independence from external proliferative stimuli; surpassing anti-proliferative cellular signals, in order
to maintain the continuous growth; adjacent tissue colonization and metastasis; replicative
immortality by upregulation of telomerase; sustained angiogenesis, with the capability of creating and
sustain new blood vessels for oxygen and nutrients supply; resisting apoptosis, which is a major cellular
response to neoplastic events (Douglas Hanahan and Robert A. Weinberg, 2000). Later, Hanahan and
Weinberg postulated more hallmarks of cancer, namely deregulation of cellular energetic metabolism,
mainly to support high glycolytic rates; and immune destruction avoidance. Two additional
mechanisms have been proposed as the main inducers of the cancer hallmarks, namely
genomic/chromosomal instability and mutation, which generates random mutations at high
frequency; and tumor-promoting inflammation, allowing the recruitment of important molecules for
the tumoral microenvironment, including growth, survival and proangiogenic factors, as well as
extracellular matrix-modifying enzymes that facilitate angiogenesis, invasion, and metastasis, and
inductive signals that lead to activation of epithelial-mesenchymal transition (EMT) and other
hallmark-facilitating programs (Hanahan and Weinberg, 2011).

Thus, the tumorigenic process is caused by different insults that continuously act on replicative
cells, leading to transformative alterations in their (epi)genetics, chromosomal numbers and
arrangements, and heterotypic interactions. Then, these cells, in a path towards malignancy, undergo
cycles of evolutionary clonal selection leading to the acquisition of cancer-competent traits, the
hallmarks of cancer (Fouad and Aanei, 2017) (Figure 2).
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Figure 2 Tumorigenesis process. Adapted from Fouad & Aanei, 2017. Created with
BioRender.

2. BREAST CANCER

2.1. Incidence and epidemiology

Female breast cancer (BC) was the most commonly diagnosed cancer worldwide in 2020, with
an estimated 2.3 million new cases (11.7%), surpassing lung cancer (11.4) (Sung et al., 2021), and it
was the fifth most deadly, with 684 996 deaths (6.9%) (Sung et al., 2021). In women, BC accounts for
24.5% of new cases of cancer and 15.5% of cancer deaths, the highest cause of cancer-specific death
in females (Sung et al., 2021). In other words, among women, BC accounts for 1 in 4 cancer cases and
for 1 in 6 cancer deaths, ranking first for incidence in the vast majority of countries (159 of 185
countries) and for mortality in 110 countries (Sung et al., 2021). Roughly 1% of BC occur in males, and
90% of these are related with the expression of proteins related with female hormones, such as the
estrogen receptor (Korde et al., 2010).

Age of onset is an independent risk factor for BC, and cumulative evidence has suggested that
BC in younger women shows differences in type, grade and aggressiveness, in comparison to the
disease in older women. Although BC in women under 40 years are rare, representing less than 1% of
all cases, tumors are frequently larger in size and of a higher grade (Anders et al., 2011; Peng et al.,
2011). Nonetheless, the median age of BC diagnosis is 62 and around one quarter are women with
more than 75 years, according to the Surveillance Epidemiology and End Results (SEER) registry
(https://seer.cancer.gov/, USA, last consulted on February 6, 2021). As the population continues to
age, 2015 projections estimate that invasive BC cases will double by 2030, with most of diagnosed
cases in women with ages between 70-84, according to the Division of Cancer Epidemiology and
Genetics from the National Cancer Institute (Rosenberg, 2015).

2.2. Breast cancer risk

Around the world, there are variations in BC incidence, mortality, and survival, which may be a
result of several underlying complex factors, such as age, patient’s ancestry, diet, and lifestyles, as well
as reproductive issues (Bray et al., 2012). Increasing risk factors for BC development include exogenous
hormones, such as contraceptive pills or postmenopausal hormone replacement therapy (Chlebowski
et al., 2010; Collaborative Group on Hormonal Factors in Breast Cancer, 1997), reproductive factors,
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namely earlier age of menarche, later age of menopause, nulliparity, late age of first child birth (Farhat
et al.,, 2011), obesity and high insulin levels (Calle and Kaaks, 2004; Hvidtfeldt et al., 2012).
Furthermore, BC is twice as common among first-degree relatives of BC patients than in women with
no family history of the disease. However, the two most prevalent BC susceptibility genes, BRCA1 and
BRCA2, account for less than 20% of familial clustering of BC (King et al., 2003), demonstrating how
heterogeneous BC can be. Interestingly, prognosis of BRCA1/2 mutation carriers with BC appears
similar to prognosis for sporadic BC patients (Daly et al., 2021; Goodwin et al., 2012). Thus, individuals
with a personal or family history of hereditary breast cancer should be referred for genetic evaluation
(Daly et al., 2021).

2.3. Biologic characteristics and pathology

2.3.1. Normal breast anatomy and histology

Female breasts (Figure 3) are mostly composed of glandular tissue, a specialized tissue
responsible for milk production, and fatty tissue. The glandular tissue is organized into 15 to 20
sections, called lobes. Within each lobe are smaller structures, called lobules, where milk is produced.
The milk travels through a network of ducts. The ducts connect and come together into larger ducts,
which eventually exit the skin in the nipple. Connective tissue and ligaments provide support to the
breast and give it its shape. Nerves provide sensation to the breast. The breast also contains blood
vessels, lymph vessels, and lymph nodes (Henry et al., 2020).

Lymph
node

Fatty
tissue ——o__

Lobule —

Nipple

surface
Aureola —

Lactiferous g
duct

Figure 3 Normal breast anatomy. Created with BioRender.

2.3.2. Breast cancer classification

BC form a heterogeneous group of tumors, which are characterized by a wide spectrum of
clinical, pathologic, and molecular features. This wide spectrum of factors accounts for variations in
response to therapy and outcomes among patients. To aid in patients’ prognosis and therapeutics, BC
has different and complementary classifications. BC classifications consider 1) the location in the
breast in which the tumorigenesis occurred; 2) hormone receptors and Human Epidermal Growth
Factor Receptor 2 (HER2) expression level; and 3) the molecular profile of the cancer.
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2.3.2.1. Breast cancer classification according to cancer invasiveness and location

Carcinomas, which are tumors that start in the epithelial cells, are the most common among
BCs, being histologically heterogeneous. Breast carcinomas are usually called adenocarcinomas
because they commonly arise from glandular cells in the ducts or in the lobules. Ductal carcinoma in
situ (DCIS), also known as intraductal carcinoma, is a non-invasive or pre-invasive BC, located in the
ducts and comprising about 80% of non-invasive BCs. On the other hand, lobular carcinoma in situ
(LCIS) makes roughly 20% of non-invasive BCs (Henry et al., 2020).

The term invasive or infiltrating BCis used to describe any type of BC that trespassed the
basement membrane, spreading into the surrounding breast tissue. The invasive ductal carcinoma
(IDC) accounts for approximately 85% of BCs and, in contrast, invasive lobular carcinoma (ILC) accounts
for roughly 10% of BCs (Sims et al., 2007). The overall prognosis of classic invasive ductal and lobular
cancers is thought to be similar, although there may be some differences in likelihood of response to
chemotherapy (CT) and endocrine therapy (Filho et al., 2015). Table 1 displays a summary of the BC
histological subtypes according to the location of the cancer and its invasiveness capacity (Henry et al.,
2020; Sims et al., 2007). Besides ductal and lobular invasive carcinomas, there are a number of less
common types of breast carcinomas, including mucinous, tubular, and papillary, which are generally
hormone receptor positive (Dieci et al., 2014).

Table 1 Breast cancer histological subtypes according to cancer invasiveness and location.

Histological subtypes

Ductal

Lobular

Pre-invasive cancer

Ductal carcinoma in situ (DCIS)

Lobular carcinoma in situ (LCIS)

- 80%

- 20%

examination

Metastasis through lymphatics
and blood

- 25%
- - May spread through ducts and | - Does not impair duct structure
- Cells limited to basement | y' P & P ] ]
impair duct structure - 1% progress to invasive cancer
membrane ] ] }
- 1% progress to invasive cancer - Can be bilateral
- Usually unilateral
Invasive cancer Invasive ductal carcinoma (IDC) Invasive lobular carcinoma (ILC)
- 859 - 109
"7 C . fib M'A)’ | fib
. - Causes ibrous response, | - Minima ibrous  response,
- Extension beyond basement ] P P ]
producing a palpable mass on presents less often with
membrane

palpable mass

- Metastasis through abdominal
viscera to gastrointestinal tract,
ovaries and uterus

- Almost

always estrogen

receptor positive

2.3.2.2. Breast cancer classification according to hormone receptor and HER2 expression

Estrogen receptor (ER), progesterone receptor (PR) and HER2 are considered the conventional
BC biomarkers, being a major determinant of adjuvant and metastatic BC therapy (Henry et al., 2020).
The expression of these markers is evaluated through immunohistochemistry (IHC). A tumor
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is hormone receptor-positive if at least 1% of the cells tested have estrogen and/or progesterone
receptors. Otherwise the test will say the tumor is hormone receptor negative.

Cancer-specific therapeutic targets such as ER and HER2 led to the successful development of
therapies that are effective in the subset of patients whose tumors harbor these targets. Antiestrogen
therapy in tumors that are ER and/or PR positive and anti-HER2 therapy in tumors with HER2
amplification are strategies that have demonstrated a survival benefit beyond that provided by
cytotoxic therapy alone (Henry et al., 2020).

2.3.2.2.1. Estrogen and Progesterone receptor-positive breast cancers

ER and PR are the most widely studied markers in breast tissue. Estrogen plays a key role in the
development of both normal breast epithelium and BC, and the modulation of estrogen concentrations
and ER signaling are key therapeutic modalities for the majority of BCs. From 1995 to 2012, ER/PR+ BC
comprised 62-76% of all BC cases diagnosed in the USA, with higher incidence in non-Hispanic White
patients and lower incidence in non-Hispanic African-American patients (Desantis et al., 2016). When
compared with hormone receptor negative tumors, hormone receptor positive BCs exhibit stronger
clinical responses to hormonal treatment (Abe et al., 1998), better differentiated morphologic
appearance (Henderson and Patek, 1998), and incidence rates that rise continuously with aging rather
than slowing after menopause (Althuis et al., 2004).

The introduction of adjuvant systemic therapy led to a significant improvement in post-surgical
survival and a reduction in disease relapse, especially in women with early BC and those with ER+
tumors, who may receive hormone therapy (HT) alone or in combination with cytotoxic therapy. Such
hormone receptor-positive tumors are sensitive to targeted HT, which is the least toxic of the
treatments available for BC (Aebi et al., 2011; Perez, 2007).

ERs are nuclear proteins that act as transcription factors regulating the expression of estrogen-
responsive genes, and selective ER modulators (SERMs) are drugs that block signaling at the level of
ERs. SERMs are estrogen agonists or antagonists depending on their interaction with ERs, target
tissues, and post-translational effects (Osborne et al., 2000). They can be divided into three groups: 1)
triphenylethylene nonsteroidal derivatives, such as tamoxifen, 2) other nonsteroidal compounds, such
as Toremifene and Raloxifene, and 3) steroidal compounds with more complete antiestrogenic activity,
currently named selective ER downregulators (SERDs), such as Fulvestrant (Abe et al., 1998; Lumachi
et al., 2013; Perez, 2007).

On the other hand, PR expression is activated by ER, being expressed in approximately 50% of
all BCs and in roughly 65% of ER+ cases. Survival analyses for BC patients given Tamoxifen therapy
showed that PR+ cases had 24% higher relative probability for BC specific survival as compared to PR-
patients (Liu et al., 2010).

2.3.2.2.2. HER?2 breast cancers

The oncogene HER2 is overexpressed in approximately 20% of BCs as a result of amplification of
the HER2/neu gene. HER2 protein overexpression or gene amplification is observed through IHC or in
situ hybridization, respectively (Henry et al., 2020).
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HER2 functions as a transmembrane receptor tyrosine kinase (RTK), activated on dimerization
with another member of the epidermal growth factor family of receptors, including EGFR (ERBB1),
ERBB3 (HER3), and ERBB4 (HER4). The dimerization domain of a partner receptor, such as EGFR or
HERS3, is exposed on binding of a ligand, such as heregulin, or through ligand-independent mechanisms
(Baselga and Swain, 2009). The HER2-HER3 heterodimer is the most potent of these dimer pairs. This
dimer pair is able to activate oncogenic intracellular signaling pathways, particularly
phosphatidylinositol 3-kinase (PI3K)-Akt-mTOR pathway, which in turn promotes proliferation and cell
survival (Gala and Chandarlapaty, 2014).

Clinically, BCs marked by HER2 amplification have a more aggressive outcome and decreased
survival as compared with HER2-non amplified cases (Slamon et al., 1987). Nonetheless, nowadays,
most BC cases with amplification of HER2 are treatable. Trastuzumab, a HER2-targeted humanized
monoclonal antibody (mAb), started a new era in the treatment of invasive breast carcinomas with
HER2 amplification by promoting the downregulation of HER2 dimerization and, consequently, the
growth factor signaling cascades, promoting antibody-dependent cytotoxicity (Hudis, 2007). Following
trastuzumab, lapatinib, pertuzumab and TDM1 were also developed as anti-HER2 therapy
(Engebraaten et al., 2013).

2.3.2.2.3. Triple-negative breast cancers

Triple-negative breast cancer (TNBC) is a remarkably inter- and intra-heterogeneous BC subtype
that neither expresses ER, PR, or has HER2 amplification. Therefore, TNBC lacks the conventional
molecular targets and, as such is “negatively defined”. Due to the absence of specific treatments,
women with TNBC have worse outcome compared to patients with other BC subtypes. Today, TNBC is
considered one of the most relevant unmet medical problems in BC care (Masuda and Masuda, 2016;
Schmadeka et al., 2014). Epidemiologically, TNBC is estimated to account for 10-20% of BC patients
worldwide. However, there is evidence that TNBC prevalence greatly differs among populations (P
Boyle, 2012).

Since TNBC is the BC subtype focused on this project, it will be described in more detail later
(Section 3).

2.3.2.3. Breast cancer classification according to the molecular profile

Genome-wide RNA transcriptional profiling in combination with bioinformatic approaches have
led to the development of molecular or intrinsic classification, which is based on gene profiles involving
quantitative gene expression. This BC classification is often referred to as the "intrinsic" subtyping
because BCs are defined by its intrinsic properties rather than by behavior. Array-based expression
profiling studies allowed BC intrinsic classification according to six gene clusters: luminal subtype A,
luminal subtype B, HER2-positive, basal-like and normal breast-like subtypes (Brenton et al., 2005;
Perou et al., 2000; Sgrlie et al., 2003, 2001), and later, the claudin-low subtype (Prat et al., 2010).

2.3.2.3.1. Luminal subtypes

The luminal BC subtypes make up the hormone receptor-expressing BCs and have expression
patterns reminiscent of the luminal epithelial part of the breast. These patterns include expression of
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luminal cytokeratins 8/18 and genes associated with ER (Perou et al., 2000). Within the luminal cluster
there are two subtypes, luminal A and luminal B. Although both are hormone receptor expressing, the
luminal subtypes have distinguishing features. Luminal A has, in general, higher expression of ER-
related genes and lower expression of proliferative markers, such as the nuclear marker Ki-67 (Perou
et al., 2000; Sgrlie et al., 2003). Next-generation sequencing technology also showed that luminal A
and B BCs, although having in common ER expression, have specific oncogenic drivers, rather than only
having different proliferative capacity. Specifically, Luminal B BCs display increased expression of
growth factor receptor genes, having higher grade and approximately 20% being HER2 positive (Ades
et al,, 2014).

Luminal A tumors are usually treated with endocrine therapy alone, while the more proliferative
luminal B tumors may benefit from CT added to endocrine therapy (Sgrlie et al., 2003).

2.3.2.3.2. HER2 subtype

Most tumors that are clinically HER2-positive, being observed through IHC or in situ
hybridization, will fall within the HER2 molecular subtype. However, some Luminal B cases, although
being ER+, also have HER2 overexpression or amplification (Sgrlie et al., 2003, 2001).

The HER2 molecular subtype has a high proportion, 40% to 80%, of TP53 mutations and is
significantly more likely to be grade 3 than luminal A tumors, thus, carrying a poor prognosis (Carey et
al., 2006; Sgrlie et al., 2001). Despite its poor prognosis, HER2 molecular subtype has also
demonstrated sensitivity to anthracycline and taxane-based neoadjuvant chemotherapy (NACT), with
significantly higher pathologic complete response than luminal BCs (46% vs 7%, p = 0 .001) (Rouzier et
al., 2005). Furthermore, HER2 molecular subtype has also molecularly targeted agents, such as the
mAb Trastuzumab (Hudis, 2007). However not all BCs from the molecular subtype HER2 respond to
Trastuzumab. PTEN loss or abrogation and CXCR4 upregulation have been implicated in Trastuzumab
resistance and may provide targets for combination strategies for even better approaches in the future
(Brenton et al., 2005; Nagata et al., 2004).

2.3.2.3.3. Basal-like subtype

The basal-like molecular subtype of BC was so named due to the expression profile mimicking
that of the basal epithelial cells of other parts of the body and normal breast myoepithelial cells. Basal-
like BC is commonly known as TNBC because the majority of cases lack expression of ER and PR, have
no overexpression and/or amplification of HER2, have strong expression of basal cytokeratins 5, 6, and
17, and also express proliferation related genes (Brenton et al., 2005; Prat et al., 2013). However, not
all TNBCs are identified as basal-like by gene expression, and not all basal-like tumors are TNBCs (Prat
et al., 2013), being that the discordance rate between the two definitions is 20%-30% (Cheang et al.,
2015; Prat and Perou, 2011).

Following the molecular classification of BC, approximately 20% of all cases are basal-like.
However, and as with TNBC, the basal-like subtype incidence has ancestry-associated discrepancies
(Carey et al., 2006), which will be further discussed in Section 4.

IHC profiling using tissue microarray has identified that a group of tumors characterized by basal
cytokeratin expression are also characterized by low expression of BRCA1 (Abd EI-Rehim et al., 2005).
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Indeed a basal phenotype is one of the hallmark features of “BRCA-ness”, i.e., sporadic cancers that
look like those from BRCA1/2 mutation carriers, and might have important implications for
management (Turner et al., 2004). Also, basal-like tumors are more likely to have aggressive features
such as TP53 mutations and a markedly higher likelihood of being grade Ill than luminal A BCs (Carey
et al., 2006).

The poor prognosis experienced by patients with basal-like BCs is not from initial
chemoresistance, but rather reflects the fewer treatment options available for ER-, PR-, and HER2-
negative tumors and/or the intrinsic biology of this subtype. Nonetheless, basal-like response to
anthracycline-based or combination anthracycline and taxane-based NACT is higher among basal-like
BC than non-basal like (Carey et al., 2006; Rouzier et al., 2005).

Table 2 shows a summary of the invasive BC subtypes according to the intrinsic molecular
subtyping (Section 2.3.2.3.).

Table 2 Breast cancer subtypes according to the intrinsic molecular subtyping.

] Luminal B Luminal B .
Parameter Luminal A HER2 Basal-like
HER2- HER2+
ER and/or PR Positive Positive Positive Negative Negative
Ki-67 Low High Low or high Low or high Low or high
. . Amplified or Amplified or .
HER2 Negative Negative Negative
overexpressed | overexpressed

ER — Estrogen receptor

PR — Progesterone receptor

Ki-67 — nuclear marker of cell proliferation
HER2 — Human growth factor receptor 2

2.3.2.3.4. Normal-like breast cancer

Normal-like is an additional intrinsic BC subtype. Normal-like BCs show high expression of many
genes known to be expressed by adipose tissue, which is the main component of a normal breast, and
other nonepithelial cell types. Normal-like BC is similar to luminal A, being hormone-receptor positive
and HER2 negative in most cases. However normal-like BC may have a higher Ki-67 expression and,
usually, a worse prognosis than luminal A. These tumors may also show expression of basal epithelial
genes and low expression of luminal epithelial genes (Dai et al., 2015). In a cohort of patients with no
metastasis in the lymph-node (negative lymph-node), normal-like BCs comprised less than 8% of all
cases, displaying lower to high grade disease and an intermediate outcome (Smid et al., 2008).

Overall, this is the most controversial molecular subtype of BC, in which the authors of the
intrinsic molecular BC subtyping admit that is unclear whether these tumors represent poorly sampled
tumor tissue or a distinct, clinically important group (Perou et al.,, 2000; Sgrlie et al., 2001).
Furthermore, Fan et al. (Fan et al., 2006) have suggested a 70-gene signature to classify BCs into 4
groups, including Luminal A and B, HER2 and basal-like, and where the normal-like subtype was not
identified according to Sgrlie’s subtyping (Sgrlie et al., 2003, 2001).
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2.3.2.3.5. Claudin-low breast cancer

Lastly, additional gene-expression analyses later revealed the existence of another subtype, the
claudin-low, present in 7% to 14% of all BC (Prat et al., 2010). Roughly 70% of claudin-low tumors are
TNBC, with high representation of metaplastic and medullary BCs. Although claudin-low and basal-like
subtypes share low luminal and HER2 gene expression, claudin-low tumors do not highly express
proliferation markers. Specifically, claudin-low BCs are characterized by low levels of cell adhesion
proteins and elevated expression of immune-related genes (e.g., CD4 and CD79a). The mesenchymal
features, including elevated expression of CD44, vimentin, and N-cadherin, and low epithelial
differentiation, namely low CD24 gene expression, resemble the mammary stem cell-like phenotype
(CD44+CD24-/low) that can be acquired by EMT (Prat et al., 2010). In retrospectives studies, claudin-
low BCs were associated with lower (39%) pathologic complete response (pCR) rates compared with
basal-like subtype (73%), and worse prognosis than luminal-A tumors but similar survival as luminal-B,
HER2-enriched, or basal-like tumors (Prat et al., 2010). Formation of cancer stem cells (CSCs) is induced
by TGF-B in claudin-low cell lines (Bruna et al., 2012) and in CT-resistant TNBC TGF-f signaling and
other stem cell markers are overexpressed (Bhola et al., 2013). Thus, inhibition of TGF-f signaling may
represent a potential therapeutic strategy to help prevent the development of chemo-refractory
disease, particularly in the claudin-low BC intrinsic subtype.

2.3.3. Breast cancer staging and grading

Accurate cancer staging is essential for therapeutic decision making and prognostic information.
The American Joint Committee on Cancer (AJCC) staging TNM method is the most widely used method
of BC staging (Giuliano et al., 2017). AJCC staging system is based on anatomic findings, namely primary
tumor size (T), regional lymph nodes status (N), and metastases (M). Currently, in the specific case of
BC staging, AJCC also includes the expression of biological biomarkers, such as ER, PR and HER2, due
to their recognized impact on patients’ treatment and outcome. Table 3 shows a generalized overview
of the TNM method applied in BC according to AJCC (Giuliano et al., 2017).

12
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Table 3 Generalized overview of breast cancer TNM staging system according to the 8th edition of AJCC (Giuliano
et al., 2017). Each categorical column indicates the anatomical valuation criteria by row for advancing cancer
stage, thus reflecting tumor progression.

T N M
Tumor size Lymph node Metastasis
TX NX MO
. Regional lymph nodes cannot be ) )
Primary tumor cannot be assessed No evidence of distant metastases
assessed
NO
TO . M1
. . No regional lymph node .
No evidence of primary tumor o . Distant metastases detected
metastasis identified
N1
T1

. Tumor spread to closest or small
Tumor £20 mm in greatest .
number (1-3) of regional lymph

dimension
nodes
T2 N2
Tumor >20mm but <50 mm in Tumor spread to an extend
greatest dimension between N1 and N3
T3 N3
Tumor >50mm in greatest Tumor spread to more distant or

dimension numerous (> 10) lymph nodes

T4

Tumor of any size that invades to

other organs

TNM method is often translated in clinical/pathological stages. This happens not only to simplify
the diagnosis information given to the patient, according to the severity of the disease, but also when
T, and/or N, and/or M have not been explicitly recorded in the medical records.

III III

Staging can be “clinical” or “pathological”. Clinical staging is based on the results of tests done
before surgery, such as physical examinations and imaging scans. Thus, clinical staging contributes for
the initial diagnosis of the patient. On the other hand, pathological staging is based on what is found
during surgery. Clinical stage is often indicated with a lowercase “c” before the TNM classification and
the pathological stage is indicated with a lowercase “p” (Giuliano et al., 2017). Clinical and pathological
staging may be different in the cases of a major cancer progression between diagnosis and surgery or
when the patient is subjected to neoadjuvant treatments, which usually involve one or more CT
medicines, before surgery. These neoadjuvant treatments are performed before surgery to help
shrinking the tumor so it can be more easily removed. Furthermore, staging may be also evaluated
after patient has received adjuvant treatments, before the surgery. This so-called post-therapy stage

is indicated with a lowercase “y” before the TNM classification.

Table 4 illustrates the TNM method converted into clinical/pathological stages.

13
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Table 4 American Joint Commission on Cancer TNM stage groups.

When Tis... And N is... And M is... The clinical stage is...
Tis NO MO 0
T1 NO MO IA
TO N1mi MO IB
T1 N1mi MO IB
TO N1 MO A
T1 N1 MO A
T2 NO MO A
T2 N1 MO 1B
T3 NO MO 1B
T1 N2 MO A
T2 N2 MO A
T3 N1 MO A
T3 N2 MO A
T4 NO MO 1B
T4 N1 MO 1B
T4 N2 MO 1B

Any T N3 MO lHc
Any T Any N M1 v

Tis — Ductal carcinoma in situ (DCIS)
N1mi— Micrometastases in the lymph nodes (approximately 200 cells, larger than 0.2 mm, but none larger than 2.0 mm)

Besides TNM method and staging, the histologic grading of a cancer, which defines morphologic
information of the metastatic potential of the tumor, also contributes to patient’s diagnosis.
Essentially, in a grade | (G1) cancer, cells are well differentiated, being morphologically similar to
normal cells and not growing rapidly; in a grade Il (G2) cancer, cells are less differentiated, being
morphologically different than normal cells, and with a faster proliferation and; in a grade IIl (G3)
cancer, cells are poorly differentiated and proliferation markers are highly expressed. Frequently, a
higher morphological grading coincides with a higher staging (lvshina et al., 2006).

Together with biological factors, including hormone receptor status and HER2 expression,
staging and grading are essential for BC patient’s diagnosis and treatment decision. Nowadays, we are
able to identify groups of BC patients and to adjust specific therapeutic modalities. Thus, even patients
with a more advanced staging or grading may have a good prognosis and skip systemic CT, which may
trigger toxic side effects. Nonetheless, as shown in Figure 4, the targetable BC subtypes, such as the
hormone receptor positive or HER2 overexpression cases, are also the ones frequently found with
lower grading and best prognosis. Particularly, TNBC has higher grade and should be considered a
priority in the BC translational research. In the next section, TNBC is covered in more detail.
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Figure 4 Summary of breast cancer molecular subtypes according to its incidence, expression of conventional
biomarkers, grading, prognosis and response to treatment.

3. TRIPLE-NEGATIVE BREAST CANCER

As aforementioned in section 2.3.2.2.3., TNBC denomination is due to the fact that these cancers
do not express the conventional BC therapeutic targets ER, PR and HER2. The definition of negative ER
and PR status by IHC is not concordant in the literature, with some definitions considering ER
expression to be significant only if at least 10% of tumor cells express the receptors. However, the St.
Gallen guidelines (Gnant et al., 2015), the American Society of Clinical Oncology (Denduluri et al.,
2016), and the American College of Pathology (WOLFF et al., 2007) have defined TNBC as the BC with
less than 1% of tumor cells expressing ER and PR via IHC. The lack of the conventional BC targets is one
of the reasons for TNBC being the most challenging BC subtype to treat. To date, therapies directed to
specific molecular targets are slowly achieving clinically meaningful improvements in outcomes of
patients with TNBC (Kang and Syed, 2020; Schmid et al., 2020), but systemic CT remains the standard
of care (Garrido-Castro et al., 2019; Saraiva et al., 2017).

TNBC has an aggressive behavior with presentation of de novo metastatic BC, large locally
advanced breast lesion or metastatic disease developing shortly after adjuvant CT (Collett et al., 2005;
Seewaldt and Scott, 2007). TNBC frequently metastasizes to the viscera, liver, lung or brain (Saraiva et
al., 2017). Furthermore, TNBC may also present an oligometastatic phenotype closer to ER+ BC, with
only lymph node and bone disease (Wei et al., 2008).

Considering the age at diagnosis, there is increasing evidence that TNBC has a bimodal
distribution with the first incidence peak in premenopausal patients and a second peak after 70 years
of age (Saraiva et al., 2017). Prognosis of stage-matched premenopausal TNBC is worse than older age
TNBC. One can speculate on the underlying biology that explains this difference in outcome.
Premenopausal TNBC would be a disease with a few very powerful molecular drivers, more akin to
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single hit neoplasms, while geriatric TNBC would be a disease of generalized chromosomal instability,
a hallmark of ageing tissues and of geriatric cancer (Curtin et al., 2005; Saraiva et al., 2017).

The molecular mechanisms that drive TNBC recurrence have not been fully elucidated. TNBC has
a higher rate of recurrence in the first 5 years and a lower rate of recurrence afterwards. Nevertheless,
there appears to be two distinct recurrence peaks. On one hand, although many patients with early
stages of TNBC are cured with CT, in those who develop metastatic disease, median overall survival
(OS) with current treatment options is 13 to 18 months (André and Zielinski, 2012). Thus, the peak risk
of relapse is at the third year and in this scenario the clinical outcome worsens. Also, survival after
metastasis relapse is reduced when compared with other BC subtypes (Kumar and Aggarwal, 2016).
On the other hand, the pattern of late recurrence is generally associated with less aggressive disease,
frequently with bone metastases (Dent et al., 2007; Saraiva et al., 2017; Wei et al., 2008). The apparent
different paths of tumor progression in TNBC might be driven by confounding aspects. These
differences may be either just a proxy for age of incidence (Tse et al., 2009), or patients that have late
recurrence and good prognosis may represent cases that are false negatives for ER (Gong et al., 2007).

Briefly, in addition to the fact of not having the conventional therapeutic targets, TNBC has a
highly aggressive clinical course, with earlier age of onset, higher grade, greater metastatic potential,
and poorer clinical outcomes, as shown by the higher relapse and lower survival rates (Dent et al.,
2007). Furthermore, TNBC has a higher incidence in patients from African ancestry. Such issue will be
later discussed in this chapter (Section 4). TNBC features are summarised in Table 5.

Table 5 Clinical, epidemiological and therapeutic features of TNBC. Adapted from (Saraiva et al., 2017).

Characteristics

Worse outcome

Better outcome

Age of presentation Young Old
Stage at presentation Advanced Early
Growth rate Fast Slow

First site of metastasis

Liver and brain

Lymph nodes and bone

Chemotherapy response

Resistant

Sensitive

Body mass index

High

Low

Patients’ ancestry

African-ancestry

Caucasian/White

3.1. Molecular heterogeneity of TNBC

Patients with TNBC experience a wide range of treatment outcomes, from a rapid recovery with
minimal therapy to a highly resistant and recurrent disease. This diversity is further highlighted by the
high prevalence of rare histopathological subtypes, such as metaplastic (in which 90% are TNBCs),
medullary (95%), adenoid cystic (90-100%), and apocrine (40-60%) carcinomas (Rakha et al., 2007).
Although being a single diagnosis, TNBC response rates and presentation greatly differ among patients.

Major effort has been devoted over the past decade to classify TNBC into distinct clinical and
molecular subtypes that could guide treatment decisions. Characterization of genomic, transcriptomic,
proteomic, epigenomic, and microenvironmental alterations has expanded our knowledge of TNBC
(Garrido-Castro et al., 2019). The Cancer Genome Atlas (TCGA) Research Network analyzed primary
BCs using different platforms, including genomic DNA copy number arrays, DNA methylation,
messenger RNA arrays, reverse phase protein arrays and exome, and RNA and microRNA sequencing
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(Koboldt et al., 2012). By integrating information across platforms, the authors were able to examine
the molecular heterogeneity of the tumors. This TCGA analysis revealed that the most frequent loss-
of-function and gain-of-function alterations in TNBC involve genes associated with DNA damage repair
and phosphatidylinositol 3-kinase (PI3K) signaling pathways, respectively. Alterations in DNA damage
repair genes include loss of TP53, RB1, and BRCA1 function. Aberrant activation of the PI3K pathway
occurs due to loss of negative regulators such as the lipid phosphatases PTEN or INPP4B (Andre et al.,
2009; Gewinner et al., 2009) or activating mutations in PIK3CA, along with other genes in the PI3K/TOR
signaling network (Abramson et al., 2015; Saal et al., 2005). Another study sequenced and analyzed
104 TNBC tumors and confirmed the high rate of TP53 mutations; however, the study showed that
12% of cases did not have somatic mutations in any established “driver” gene, suggesting that primary
TNBCs are indeed mutationally heterogeneous from the outset (Shah et al., 2012).

All things considered, is now becoming well appreciated that TNBC, which continues to be
defined by the biomarkers it lacks, is not one disease but a constellation of molecularly,
morphologically, and behaviorally diverse entities. The next sections highlight some of the efforts
performed in the last decade in dissecting TNBC complexity.

3.1.1. Somatic genetic alterations in TNBC

Cancers harbor numerous somatic genetic alterations, though only a small proportion of them
confer clear fitness advantage, also known as “cancer drivers” (Vogelstein et al., 2013). Large-scale
exome and targeted sequencing studies in primary BC have revealed the presence of many alterations
in putative cancer-driver genes in TNBC (Koboldt et al., 2012; Pereira et al., 2016; Weisman et al.,
2016). The average mutation rate in basal-like BC is among the highest in breast tumors, with 1.68
mutations per megabase (Mb) (Koboldt et al., 2012). Different genomic classifications in BC have been
proposed by grouping next-generation sequencing (NGS)-detected alterations in known cancer-driver
genes according to the intracellular pathways in which they are involved, such as PI3K/AKT and
RAS/MAPK signaling, DNA damage repair, and cell-cycle or transcriptional regulation (Balko et al.,
2014; Koboldt et al., 2012; Pereira et al., 2016). Most somatic mutations in TNBC occur in tumor
suppressor genes, such as TP53, RB1, and PTEN, which have not been successfully targeted
therapeutically to date. Although less prevalent, oncogenic alterations in the PI3K/AKT pathway have
also been described in basal-like BCs, being PIK3CA mutated in 7%, AKT3 amplification in 28%, and
PTEN mutation or loss, in 35% of all cases (Koboldt et al., 2012). Consistent with findings in untreated
TNBCs, targeted sequencing of residual disease post-NACT showed that >90% of patients had at least
one altered pathway (Balko et al., 2014). However, only the following three alterations were found to
be significantly prognostic for 0S: JAK2 amplification and BRCA1 truncation or mutation predicted
poor OS, and PTEN alteration predicted better OS (Balko et al., 2014).

Furthermore, knowing that TNBCs are dominated by copy number aberrations (CNAs) with in cis
or in trans associated gene expression changes (Ciriello et al., 2013; Curtis et al., 2012a), Patel and
colleagues integrated CNA and gene expression-driven gene dependency identification and functional
validation approach in order to identify novel malignant cell selective addictions and potential
targetable genes or pathways in TNBC. Among the 37 identified genes, biological processes, and
clusters of interacting proteins, that merit further investigation, authors highlight the newly
mechanistically validated KIFC1, a potentially druggable mitotic kinesin, as a highly selective malignant
cell target, with mechanistic evidence of synergy in combination with cisplatin (Patel et al., 2018).
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3.1.2. BRCA and “BRCA-ness” in TNBC

Cancers that lack functional BRCA1 or BRCA2 have a deficiency in HR repair of DNA double-
strand breaks (DSB), leading to dependence on alternative mechanisms to repair these lesions, and
genomic instability (Moynahan et al., 1999; Tutt et al., 2001; Yoshida and Miki, 2004). Drugs that
generate DSBs, such as alkylating agents, namely platinum or mitomycin C, or PARP inhibitors, cause
persistent DNA damage in HR-deficient cells and, consequently, induction of cell-cycle arrest and
apoptosis (Bhattacharyya et al., 2000; Farmer et al., 2005).

Germline mutations in BRCA1 or BRCA2 (BRCA1/2) are present in approximately 10% of patients
with TNBC (Hartman et al., 2012). Furthermore, somatic mutations and epigenetic alterations that
inactivate BRCA1/2 and other DNA-repair genes have also been identified in TNBC (Foulkes, 2003;
Turner et al., 2004). Given that HR deficiency exposes specific therapeutic vulnerabilities, the detection
of tumors with this so-called “BRCA-ness” phenotype has clinical implications. Most BRCA1-related
TNBCs are basal-like (Foulkes, 2003), and there is a marked resemblance in phenotype and biology
between sporadic basal-like tumors and BRCAI-associated cancers (Turner et al., 2004).

Despite these similarities, targeting the HR pathway in basal-like BC and TNBC has revealed
conflicting data in the metastatic and neoadjuvant settings, with reports of resistance to DNA-
damaging drugs, such as platinum or alaprib, which may be due to epigenetic changes such as loss of
BRCA1 promoter hypermethylation via BRCA1 locus fusion rearrangements, with subsequent BRCA1
reexpression (Ter Brugge et al., 2016).

Several strategies to exploit potential synthetic lethality in HR-deficient tumors are being
explored across solid tumors, including clinical trials combining PARP inhibitors with PI3K/AKT
inhibitors, immune-checkpoint inhibition, and HSP90 inhibitors (Garrido-Castro et al., 2019).

3.1.3. TNBC and intrinsic breast cancer subtypes

All intrinsic BC subtypes (Section 1.3.2.3) can be found within IHC/in situ hybridization defined
TNBC disease, however, basal-like tumors exhibit the greatest overlap with TNBC. Between 50% and
75% of TNBC have basal phenotype, and approximately 80% of basal-like tumors are ER-/PR- and HER2-
(Prat et al., 2013).

Characterization of intrinsic subtypes using a 50-gene assay, established as the PAM50 BC
subtype predictor (Prat et al., 2012), developed by the same team as the intrinsic BC subtypes (Prat et
al., 2010; Sgrlie et al., 2003, 2001), has provided independent predictive information of pathologic
complete response (pCR) to neoadjuvant therapy across all BC subtypes. However, when restricting
analyses to TNBC, none of the PAMS50 signatures at the time of diagnosis have significantly correlated
with pCR (Prat et al., 2014). Specifically, in basal-like TNBC, high expression of cell cycle-related genes
(e.g., CCNE and FANCA) and low levels of estrogen signaling-related genes (e.g., FOXA1 and PGR) were
associated with pCR, while high expression of EMT genes (e.g., TWIST1 and ZEB1) was significantly
enriched in residual disease (Prat et al., 2014).

Although not being part of the PAMS50 predictor, most claudin-low tumors are TNBC, comprising
approximately 70% of all claudin-low cases. However, and contrary to basal-like TNBCs, claudin-low
TNBCs are not highly proliferative. Claudin-low TNBCs are rich in quiescent cells, high expression of
mesenchymal markers, such as CD44, vimentin, and N-cadherin, and having lower expression of CD24
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(Prat et al., 2010). Specifically, claudin-low TNBCs highly express the phenotype of BC stem cells,
namely CD44+CD24-/low (Fillmore and Kuperwasser, 2007). CD44+CD24-/low cells have been
associated with an enhanced capacity for detaching from the primary tumor and metastasizing,
supported by a dominant EMT gene-expression profile (Jiagge et al., 2018).

3.1.4. TNBC molecular subtyping

With evolving transcriptomic studies, the heterogeneity of TNBC has been further dissected. To
better understand the molecular underpinnings of TNBC, Lehmann et al. first compiled an extensive
number of TNBC gene expression profiles from different BC datasets and initiated the molecular
subtyping race of TNBC (Lehmann et al.,, 2011). This study revealed that TNBC subtypes are
characterized by distinct patterns of molecular alterations in terms of RNA expression, somatic
mutations, and copy number variations, that tend to cluster in genes implicated in specific pathways.
Thus, each subtype has a unique biology that responds differentially to current therapies. With a 2188-
gene expression algorithm, Lehmann et al. reported the following 6 TNBC subtypes: two basal-like
TNBC subtypes, one with cell cycle and DNA damage response gene expression profile (BL1), and the
other enriched in growth factor signaling and myoepithelial markers (BL2); two mesenchymal subtypes
with high expression of genes involved in differentiation and growth factor pathways (M and MSL); an
immunomodulatory (IM) type; and a luminal subtype driven by androgen signaling, called luminal
androgen receptor (LAR), mostly composed of molecular apocrine TNBC cases. Furthermore, an
unstable subtype (UNS) was also identified (Lehmann et al., 2011).

To validate these results, differential gene expression was analyzed to identify TNBC cell line
models representative of each subtype, and the predicted “driver” signaling pathways were
pharmacologically targeted in these preclinical models as proof of concept that the analysis of distinct
gene expression signatures can inform therapy selection. Interestingly, cell line models representing
each of the TNBC subtypes also displayed different sensitivities to targeted therapeutic agents
(Lehmann et al., 2011).

With this six-subtype classification, Lehmann’s group developed the “TNBCtype”, a web-based
subtyping tool for TNBC tumor specimens using gene enrichment metadata and classification methods
(Chen et al., 2012). Importantly, evidence supportive of the clinical utility of Lehmann’s classification
has already been demonstrated, based on the ability of the algorithm to predict differential
responsiveness to the current standard of care, namely taxane- and anthracycline-based CT, for TNBC
cases (Masuda and Masuda, 2016).

However, Lehmann’s TNBC classification (Lehmann et al., 2011) had two main drawbacks. One
of them was regarding the unstable subtype, not accounted in the TNBCtype tool. Additionally, since
IHC is the clinical standard procedure used to define TNBC, through detection of ER, PR and HER2, in
the study by Lehmann et al., when IHC-confirmed TNBCs were analyzed, only 5 clustered subtypes
were observed (Burstein et al., 2015; Lehmann et al., 2011). Therefore, while this study greatly
advanced the understanding of TNBCs, stable subtypes as well as subtype-specific molecular targets,
that can preferably be identified through IHC in the clinical context, were still lacking.
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Following Lehmann’s TNBC subtyping (Lehmann et al., 2011), Burstein and colleagues, through
RNA and DNA profiling, developed an 80-gene signature for TNBC classification. Authors were able to
distinguish the following 4 stable molecularly defined TNBC subtypes: LAR, mesenchymal (MES), basal-
like immune-suppressed (BLIS), and basal-like immune-activated (BLIA) (Burstein et al., 2015). MES,
BLIS, and BLIA are characterized by distinct clinical prognosis, with BLIS tumors having the worst and
BLIA tumors having the best outcome. These results also demonstrated subtype-specific gene
amplification and gene expression, suggesting the possibility of using in situ hybridization techniques
to identify these TNBC subsets. Essentially, Burstein’s LAR and M subtypes overlap with Lehmann’s
TNBCtype LAR and MES subtypes, respectively, whereas BLIS and BLIA contained mixtures of the other
4 Lehmann subgroups (Burstein et al., 2015). Moreover, BLIS and BLIA completely overlap with
PAMS50Q’s basal-like subtype, while M subtype is composed of PAM50’s basal-like and normal-like
subtypes and the LAR subtype may be of all PAM50 subtypes (Burstein et al., 2015). These observations
are summarized in Figure 5.
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Figure 5 TNBC classification according to Burstein et al. (2015) with 4 stable molecular phenotypes, LAR, M, BLIS
and BLIA, comparing with PAM50 (Prat et al., 2012) and TNBCtype (Lehmann et al., 2011) subtyping. The
discovery set had 84 TNBC patients and the validation set had 114 TNBC patients. NMF Non-negative matrix
factorization was the method used for TNBC clustering. LAR Luminal-androgen receptor. M Mesenchymal. BLIS
Basal-like immune-suppressed. BLIA Basal-like immune activated. LumA Luminal A. LumB Luminal B. BL1 Basal-
like 1. BL2 Basal-like 2. IM Immunomodulatory. MSL Mesenchymal stem-like. UNS Unstable. Adapted from
Burstein et al., 2015.

Later, Lehman et al. refined their six TNBC molecular subtypes, TNBCtype subtyping, into the
following four (TNBCtype-4) tumor-specific subtypes: basal-like 1 (BL1), basal-like 2 (BL2),
mesenchymal (M) and LAR (Lehmann et al., 2016). With this study, their objective was to ascertain the
complexity of the varying histological landscape of tumor specimens. This time, through
histopathological quantification and laser-capture microdissection, authors observed that transcripts
in the previously described IM and MSL subtypes were enriched with infiltrating lymphocytes and
tumor-associated stromal cells, respectively. Therefore, the new classification takes into account the
contribution of transcripts from normal stromal and immune cells in the tumor environment (Lehmann
et al., 2016). Figure 6 shows the molecular subtype distribution of 767 TNBC samples stratified by
PAMS50, TNBCtype or refined TNBCtype-4. TNBCtype-4 significantly differ from TNBCtype not only in
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prognosis and response to CT, but also in initial presentation and patterns of recurrence, where
regional nodal involvement is more common in LAR TNBC and metastatic recurrences have tropism to
the lung in M subtypes and to the bone in LAR subtypes. Similar to the TNBCtype, response to NACT,
such as platinum- and taxane-based regimens, is significantly associated with TNBCtype-4 subtypes (p
=0.027), with the highest and lowest pCR rates reported in BL1 (65.6%) and LAR (21.4%), respectively
(Echavarria et al., 2018).

PAM50 TNBCtype TNBCtype-4

Figure 6 Molecular subtype distribution of TNBC samples stratified by
PAMS5O0 (Prat et al., 2012), TNBCtype (Lehmann et al., 2011) or refined
TNBCtype-4 (Lehmann et al., 2016). Adapted from Lehmann et al., 2016.

Afterwards, Ring et al. (2016) designed an expression algorithm which reduced Lehmann’s 2188-
gene expression gene collection into 101 genes, equally able to subtype TNBCs similarly to the original
TNBCtype, as well as to predict patient’s outcomes (Ring et al., 2016). This newly refined assay also
displayed the ability to identify more than one subtype — called a dual subtype, with a primary and
potential secondary subtype — in any given patient, which should better reflect tumor heterogeneity.
The assay also separately classifies each patient as either IM-negative or IM-positive to provide
possible insight into the tumor immune-microenvironment (Ring et al., 2016).

In 2019, Jézéquel et al., with the aim of defining robust TNBC subtypes with clinical relevance,
used 54 gene-expression signature DNA chips to perform gene expression profiling in a cohort
composed of 238 patients (Jézéquel et al., 2019). In addition, external data (n = 257), obtained by using
the same DNA chip, was used for validation. Authors identified three molecular clusters within TNBC:
one molecular apocrine (C1) and two basal-like enriched (C2 and C3). C1 presents a luminal phenotype,
with AR receptor. C2 presents a more pronounced mesenchymal phenotype, has a pro-tumorigenic
immune response (i.e., immune suppressive profile and high neurogenesis, with nerve infiltration),
and high biological aggressiveness. In contrast, C3 exhibited adaptive immune response associated
with complete B cell differentiation that occurs in tertiary lymphoid structures, and immune
checkpoint upregulation (Jézéquel et al., 2019). As shown in Figure 7, C2 and C3 overlap with PAM50’s
basal-like subtype, while C1 is a mixture of the other PAM50 subtypes. Furthermore, C1 is indeed most
comprised by TNBCtype and Burstein’s 4-TNBC clustering LAR subtype, as well as TNBCtype’s MSL and
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Burstein’s M subtypes. C2 comprises TNBCtype’s BL1 and M subtypes and both Burstein’s BLIS and
BLIA. Finally, C3 mostly overlaps with TNBCtype’s IM and Burstein’s BLIA.
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Figure 7 Subtype distributions of patients between the three clusters, PAMS50 (Prat et al., 2012), TNBCtype
(Lehmann et al., 2011) and Burstein’s 4-TNBC (Burstein et al., 2015) by means of categorical 54 gene-expression
signatures, for the internal (left) and external (right) TNBC cohorts. Adapted from Jézéquel et al. 2019.

Description of the TNBC subtypes is presented below.

3.1.4.1. Balsal-like subtypes

TNBCtype and TNBCtype-4 (Lehmann et al., 2016, 2011) BL1 and BL2 subtypes share a highly
proliferative phenotype, being enriched in EGFR, MET and EPHA2, which correlated with improved pCR
with mitotic inhibitors, such as taxanes. BL1 is enriched in genes involved in DNA-damage response
and cell-cycle regulation, including the highest rate of TP53 mutations (92%), high gain/amplifications
of MYC, CDK6, or CCNE1, and deletions in BRCA2, PTEN, MDM2, and RB1 (Bareche et al., 2018). On the
other hand, BL2 subtype has high levels of growth factor signaling, namely EGF pathway, NGF pathway,
MET pathway, Wnt/B-catenin, and IGF1R pathway, as well as increased metabolic pathway activity,
such as glycolysis and gluconeogenesis (Lehmann et al., 2011). Even though BL1 tumors are more likely
to be of higher grade, they are more responsive in general to genotoxic chemotherapies. The latter is
likely due, in part, to aberrant DNA signaling and repair functions in the BL1 subtype tumors. On the
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other hand, BL2 patients may not benefit of CT but still experience unnecessary and sometimes
harmful side effects (Lehmann et al., 2016).

Burstein also identified two basal-like clusters (Burstein et al., 2015), however, their distinction
was according to the positive or negative expression of immune regulators. BLIS subtype exhibits
downregulation of B cell, T cell, and natural killer (NK) cell immune-regulating pathways, and cytokine
pathways, and patients have the worst disease-free survival (DFS) and disease-specific survival (DSS).
On contrary, BLIA immunoregulation pathways are upregulated, including genes controlling B cell, T
cell, and NK cell functions, and patients have the best prognosis (Burstein et al., 2015).

A high correlation has been described between PAMS50 basal-like, TNBCtype and TNBCtype-4
BL1/BL2, and Burstein’s BLIA/BLIS subtypes, emphasizing the high stability of the basal TNBC subtype
(Bianchini et al., 2016; Burstein et al., 2015; Curtis et al., 2012b).

3.1.4.2. Immunomodulatory subtype and the immune regulation in TNBC

According to Lehmann’s TNBCtype classification (Lehmann et al.,, 2011), IM subtype has
increased expression of genes involved inimmune cell processes. These processes include immune cell
signaling, namely TH1/TH2 pathway, NK cell pathway, B cell receptor signaling pathway, and T cell
receptor signaling; cytokine signaling pathways, such as IL-12 pathway, and IL-7 pathway; antigen
processing and presentation; and signaling through core immune signal transduction pathways such
as NFKB, TNF, and JAK/STAT signaling (Lehmann et al., 2011).

Only Lehmann’s TNBCtype considers an independent immunomodulatory TNBC subtype
(Lehmann et al., 2011). However, later, authors hypothesized that tumor infiltrating lymphocytes (TIL)
levels in a tumor specimen would influence the IM subtype classification in a given TNBC. To test this
hypothesis, authors scored levels of infiltrating lymphocytes relative to total nuclei in TNBC sections
and compared the results relative to the TNBCtype call generated from correspondent RNA-
sequencing (RNA-seq) data. Tumors classified as IM had indeed the highest average percentage of
lymphocytes (38%). However, all of the other subtypes also had TILs, specifically BL2 (23%), MSL (21%),
LAR (17%), BL1 (15%) and M (9%) (Lehmann et al., 2016). These data provide evidence that TILs
contribute significantly to the gene expression profiles and that correlations to this signature should
be considered as a descriptor of the tumor immune status rather than an independent subtype
(Lehmann et al., 2016).

Interestingly, a published case report from 2017 used Ring’s 101-gene assay (Ring et al., 2016)
as a potential immuno-oncology diagnostic to identify a patient who tested negative for programmed
death-ligand 1 (PD-L1), an immune checkpoint inhibitor, by IHC, but as IM-positive by TNBCtype. The
patient, who had already received exhaustive CT, had few other treatment options. Partially based on
the positive IM result, the patient was approved for treatment with pembrolizumab, a mAb that binds
to programmed cell death (PD-1). After four treatment cycles, the patient experienced a complete
radiologic response (Bhatti et al., 2017), showing that, although somewhat obsolete, the IM subtype
might still be relevant in the clinical context.
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3.1.4.3. Mesenchymal and mesenchymal-like subtypes

According to TNBCtype (Lehmann et al., 2011) mesenchymal-like TNBC subtypes, M and MSL,
display similar expression profiles regarding pathways involved in cell motility, such as regulation of
actin by Rho, extracellular matrix (ECM) receptor interaction, and cell differentiation pathways,
including Wnt pathway, anaplastic lymphoma kinase [ALK] pathways, and TGF-B signaling. However,
unique to the MSL subtype, there is the upregulation of genes involved in processes linked to growth
factor signaling pathways, including inositol phosphate metabolism, EGFR, PDGF, calcium signaling, G-
protein coupled receptor, and ERK1/2 signaling, as well as ABC transporter and adipocytokine
signaling. Another interesting difference between the M and MSL subtypes is the fact that the MSL
subtype expresses low levels of proliferation genes and shows enrichment in the expression of genes
associated with stem cells, namely BCL2, ALDHA1, BMP2, or THY1 (Lehmann et al., 2011). Furthermore,
the MSL subtype also displays low expression of claudins 3, 4, and 7, consistent with claudin-low
subtype of BC (Prat et al., 2010).

Burstein’s M subtype is characterized by pathways involved in cell cycle, mismatch repair, and
DNA damage networks, as well as hereditary breast cancer signaling pathways. Furthermore, genes
normally exclusive to osteocytes (OGN) and adipocytes (ADIPOQ, PLIN1) and growth factors such as
insulin growth factor (IGF1) are highly expressed in this subtype (Burstein et al., 2015). M subtype
overlaps with TNBCtype’s MSL (Lehmann et al., 2011) and present similarities with the claudin-low
intrinsic subtype (Prat et al., 2010).

In Lehmann’s TNBCtype refinement study (Lehmann et al., 2016) analysis of TNBC subtypes from
matched tumor epithelium and stroma revealed that, in fact, the MSL component was significantly
higher in the adjacent stromal cells compared to the tumor epithelium for each of the pairs (p = 0.002).
Since MSL subtype classification is strongly weighted by stromal cell gene expression, besides removing
IM subtype from TNBCtype, authors also removed the MSL subtype (Lehmann et al., 2016).

3.1.4.4. Luminal androgen receptor

The LAR TNBC subtype is the most concise among different studies (Burstein et al., 2015;
Jézéquel et al., 2019; Lehmann et al., 2016, 2011; Ring et al., 2016). LAR group is also the most
differential among TNBC subtypes, being enriched for hormonally regulated pathways and being
dependent on androgen receptor (AR) signaling. Additionally, this subtype displays a luminal pattern
of gene expression, namely high levels of FOXA1, GATA3, SPDEF, and XBP1. LAR tumors are enriched
in mutations in PIK3CA (40-55%), KMT2C (19%), CDH1 (13%), together with a higher prevalence of
invasive lobular histology, NF1 (13%), and AKT1 (13%) (Bareche et al., 2018).

Although AR can be expressed in multiple molecular subtypes of TNBC, overlapping in 82% of
cases with luminal-A- or luminal-B intrinsic subtypes (Bareche et al., 2018), the LAR subtype has the
highest level of AR expression. It is predominantly subclassified in the non-basal TNBC subgroup,
having a distinct prognosis that offers an opportunity to develop targeted therapeutics.

LAR tumors appear to respond poorly to conventional CT (Masuda et al., 2013). However, since
AR is a potent mitogenic driver of the LAR subtype (Fioretti et al., 2014), and because previous data
indicate that LAR cell lines and xenografts are sensitive to AR antagonists, these patients may benefit
from simultaneous targeting of AR and the PI3K/mTOR pathway, a combination known to be
synergistic in AR-dependent prostate cancer cells (Lehmann et al., 2011; Lehmann and Pietenpol,
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2014). This and other corroborating data should prompt clinical trials to confirm the efficacy of AR
antagonist therapy in LAR TNBC.

3.1.5. The Future of TNBC classification

To sum up, although different numbers of clusters were identified, four TNBC subtypes seem to
be present in each of these works: a molecular apocrine/LAR, a mesenchymal and two basal-like
enriched clusters with opposite immune status (pro-tumorigenic and anti-tumorigenic). Furthermore,
the mesenchymal subtype is also greatly influenced by its microenvironment and immune regulation.
Also, some discrepant results between the TNBC subtyping studies (Burstein et al., 2015; Jézéquel et
al., 2019; Lehmann et al., 2016, 2011; Ring et al., 2016) suggest that TNBC heterogeneity is so marked
that for each patient at least a secondary subtype should be taken into account for a more precise
prognosis and treatment (Ring et al., 2016). Figure 8 displays a summary of the current TNBC subtypes.
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Figure 8 Summary of the current TNBC subtypes.

These findings in TNBC subtyping highlight a major limitation of classifiers defined based on the
profiling of bulk tumors that cannot distinguish between tumor and stromal cells. Thus, increasing use
of single-cell techniques to improve the characterization of the very heterogeneous tumor and its
microenvironment is urgently needed. In fact, single-cell RNA-seq has demonstrated the presence of
multiple subtypes within most primary TNBC tumors, suggesting that the dominant signature identified
through bulk sequencing may not accurately inform underlying biological processes, including
interactions between malignant and normal stromal cell types (Karaayvaz et al., 2018). Differences in
the prevalence of intratumoral heterogeneity between TNBC and ER-positive BC could partly explain
the challenges to date to apply commercially available gene-expression assays in routine clinical
practice to provide prognostic and predictive information in TNBC (Garrido-Castro et al., 2019).

These studies also highlight the inherent problems associated with the TNBC definition, because
it does not reflect a clear molecular entity. What seems clear is that luminal (AR-positive) and
nonluminal (basal and mesenchymal) tumors have very different evolutionary paths, and this is in part
likely driven by their normal cell-of-origin reflected in distinct epigenetic profiles. Thus, improved
classifications based on epigenetic profiles and quantitative measures of intratumoral heterogeneity
may lead to a better definition of clinically relevant TNBC subtypes (Garrido-Castro et al., 2019).

3.2. TNBC treatment

TNBCs lack ER and PR and do not express HER2. Since the cancer cells lack these proteins,
treatment options for TNBC patients are limited. Since HT and drugs that target HER2 are not helpful,
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CT is the main systemic treatment choice. Interestingly, although being more chemosensitive than
other types of BC, TNBC is characterized to harbor the most aggressive behavior with the front-loaded
risk of relapse within the first 3-5 years after completion of adjuvant CT, especially in younger women
(Boyle, 2012; Carey et al., 2007; Masuda and Masuda, 2016).

In the last decade, extensive efforts were undertaken to unravel newer therapeutic targets for
TNBC based on its molecular landscape (Burstein et al., 2015; Jézéquel et al., 2019; Koboldt et al., 2012;
Lehmann et al., 2016, 2011). With the advances of multiomics (Banerji et al., 2012; Burstein et al.,
2015; Curtis et al., 2012a; Jézéquel et al., 2019; Karaayvaz et al., 2018; Koboldt et al., 2012; Lehmann
et al., 2011; Ring et al., 2016), recent experimental investigations revealed a variety of potentially
actionable targets, including immune signatures (Kang and Syed, 2020; Saraiva et al., 2017). In fact, in
2020, the first targeted therapy was approved for TNBC, consisting in the combination of the
checkpoint inhibitor atezolizumab with nab-paclitaxel (Kang and Syed, 2020; Schmid et al., 2020).
However, this immunochemotherapy option is specifically for patients with unresectable locally
advanced or metastatic TNBC, in which the tumors have a PD-L1 expression > 1% (Kang and Syed,
2020). Thus, most patients with TNBC are still heavily dependent on conventional CT.

Despite the molecular heterogeneity, the standard of systemic treatment for TNBC follows the
same general principle than with other types of BC (Bianchini et al., 2016; Moran, 2014). Hence,
neoadjuvant or adjuvant CT remains a key component of systemic treatment in early TNBC, which is
determined primarily by its clinical or pathologic stage (Moran, 2014).

3.2.1. Neoadjuvant and adjuvant chemotherapy

Neoadjuvant and adjuvant CT are the standard systemic treatment for early TNBC, and
doxorubicin/docetaxel combination, anthracycline and taxane-based CT regimens comprise some of
the standard of care (Albain et al., 2012; Cortazar et al., 2014), with pCR rates of approximately 40%
(Liedtke et al., 2008; Von Minckwitz et al., 2012). Although the guideline for adjuvant CT is generally
similar for all BC subtypes, adjuvant CT in TNBC is recommended for primary tumors larger than 0.5
cm due to their aggressive behavior (Wang et al., 2011).

Regarding the paradox that TNBC carries both higher chemosensitivity and the risk of early
relapse (Carey et al., 2007), efforts have been continued to develop more effective chemotherapeutic
regimens for both responders and non-responders. In the CREATE-X trial (Masuda et al., 2017; Zujewski
and Rubinstein, 2017), patients with an initially high tumor burden or residual disease after NACT were
selected for intensive systemic treatment, as they carry higher chance of relapse and metastatic
spread. Results demonstrated the potential survival benefit of adding capecitabine to the standard
adjuvant CT regimen in early TNBC with a residual tumor burden after neoadjuvant treatment (Masuda
et al., 2017; Zujewski and Rubinstein, 2017). Despite its substantial toxicity, additional capecitabine
might be a reasonable option for patients with TNBC carrying a higher risk of relapse. Additionally, in
such patients, post-neoadjuvant trials based on actionable molecular targets identified from residual
tumor tissues should also be considered, as well as molecular profiling of residual TNBC, which might
contribute to find genetic alterations involved in drug resistance in the neoadjuvant setting and to
further guide adjuvant targeted therapy to decrease the chance of clinically silent micrometastases
formation (Park et al., 2018).
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The additive benefit of platinum-based agent has also been consolidated in the neoadjuvant and
adjuvant setting in the subset of TNBC patients presenting “BRCA-ness” phenotype (Section 3.1.2.). An
unusual sensitivity to platinum-based agents was observed in these TNBC cases, particularly due
genomic instability caused by DNA damage repair impairment (Kennedy et al., 2004; Yoshida and Miki,
2004). Subsequent clinical trials of metastatic TNBC showed a modest efficacy of platinum-based
monotherapy (Isakoff et al., 2015; Tovey et al., 2015), consistently suggesting a greater benefit in
BRCA1/2 mutation carriers, which present markedly higher pCR rates, from 61% to 90%, after
neoadjuvant cisplatin monotherapy (Byrski et al., 2014, 2009; Silver et al., 2010). In later phase |l
neoadjuvant trials, paclitaxel combined either with cisplatin or carboplatin yielded encouraging
efficacy outcomes with improved pCR and survival outcomes, which also suggested a strong
relationship between clinical benefit and genetic alterations of DNA damage repair-related pathways
(Jovanovic et al., 2017; Zhang et al., 2016).

Nonetheless, we should give a particular concern about the absence of statistically valid long-
term survival benefits in the previous studies, since pCR do not necessarily translates into a long-term
survival advantage, particularly in the presence of undetectable micrometastasis (Park et al., 2018).
Furthermore, with drug combination, additional safety concerns will have to be taken into account.
Thus, platinum-based combination CT should be selectively applied in specific patients, such as those
carrying the “BRCA-ness”. In addition, patients who need enriched locoregional control, namely those
having an enhanced risk of relapse due to extensive cancer burden or of a younger age, might also be
considered for combined treatment.

3.2.2. PARP inhibitors

Because of their critical role in the process of DNA damage repair, PARP inhibitors (PARPi) have
been thought to be a potential game changer in TNBC treatment. PARPs, specifically PARP1 and 2, are
enzymes that facilitate DNA damage repair at sites of single-strand breaks by activation of intracellular
signaling pathways through auto-poly(ADP)-ribosylation (Audebert et al., 2004; Biirkle, 2001; Shall and
de Murcia, 2000). An expressive link between PARP inhibition and “BRCA-ness” is confirmed by the
concept of synthetic lethality. As BRCA1/2 deficiency leads to homologous recombination deficiency
(HRD), a dysfunction of the cell’s intrinsic DNA repair mechanism, repair of DNA damage solely depends
on the action of PARP1 in BRCA-deficient BC (Bryant et al., 2005; Farmer et al., 2005). Thus, inhibiting
PARP1 in patients with “BRCA-ness” might induce accumulation of double-strand breaks and
eventually result in synthetic lethality, which could in turn enhance the sensitivity to PARPi (Bryant et
al., 2005; Farmer et al., 2005; Turner et al., 2008).

Clinical data suggested that a subset of TNBC patients having BRCA deficiency might benefit from
PARPi treatment (Tutt et al., 2010). The pivotal phase Ill OlympiAD trial of metastatic BC (Robson et
al., 2017) showed olaparib effect in metastatic HER2-negative BC with germline BRCA1/2 mutations.
The results were so dramatic comparing with standard single CT that these patients had almost double
the response rate (59.5%) as well as a longer median progression-free survival (7.0 months) and a
better toxicity profile, making PARPi approved for BC with BRCA1/2 mutations, which mainly
constitutes TNBC (Robson et al., 2017). Other PARPi than olaparib have been also investigated and
subjected to phase II/Ill clinical trials with metastatic BC and TNBC patients, namely veliparib (Anampa
etal., 2018; Isakoff et al., 2017; Kummar et al., 2016; Rodler et al., 2016; Somlo et al., 2017), talazoparib
(de Bono et al., 2017; Litton et al., 2015) and rucaparib (Miller et al., 2015).
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Nonetheless, the possibility of a combination therapy in which PARPi are added to platinum-
based CT is still controversial (Hope S. Rugo et al., 2016), for platinum itself already showed its efficacy
either as monotherapy or in combination (Sikov et al., 2015; Von Minckwitz et al., 2014).

3.2.3. Inhibitors of the PI3K-Akt-mTOR pathway

TCGA data showed that the major genetic aberrations observed in TNBC occurred within the
PI3K-Akt-mTOR (PAM) pathway (Koboldt et al., 2012), and accumulating data from NGS studies further
confirmed PAM pathway as an appealing actionable target in TNBC (Marotti et al., 2017; Weisman et
al., 2016). Particularly, PIK3CA hotspot mutations and aberrations in PTEN are the two most frequent
but mutually exclusive alterations, accounting for approximately 10% and 35%-50% of TNBC,
respectively (Bianchini et al., 2016).

The PAM pathway comprehensively controls the cell cycle from survival to apoptosis and,
consequently, is crucially involved in tumorigenesis and cancer progression. PAM signaling is
modulated by the key molecule PI3K but is also regulated by active communication with other growth
factor tyrosine kinase receptors, including EGFR and IGF1R. In TNBC, PI3K was able to enhance the
effects of BRCA1/2 mutations by interacting with the homologous recombination machinery,
stabilizing DNA DSBs. Thus, inhibition of the PI3K pathway with buparlisib, an oral pan-PI3K inhibitor,
produced promising antitumor cytotoxicity in TNBC cell lines. Experimentally, it also enhanced
sensitivity to PARPi in both BRCA1/2-deficient and BRCA1/2-sufficient TNBC cell lines by activation of
ERK and MAPK kinase (MEK1), which induced downregulation of BRCA1/2 (lbrahim et al., 2012;
Kimbung et al., 2012; Yi et al., 2015).

AKT, which is activated by PI3K, serves as another central node in the PAM signaling pathway.
Preclinical studies demonstrated the antitumor activity of the AKT inhibitors in TNBC, such as ipataserib
(Davies et al., 2012; Hudis et al., 2013; Kim et al., 2017; Sangai et al., 2012). Interestingly, LOTUS trial
(Kim et al., 2017), involving a combination of paclitaxel and ipatasertib in phase Il trial, was the first
study showing a significant progression-free survival benefit of anti-PAM pathway targeted agents in
IHC-defined TNBC population, although it was not maintained in the PTEN-low subgroup of patients,
which was initially considered as an appealing candidate for the compound. However, when
PIK3CA/AKT1/PTEN alterations were refined based on NGS, the benefit in these patients increased,
suggesting that NGS-derived genomic biomarkers might better define the target population.

3.2.4. EGFR inhibitors

EGFR amplification is, in general, rare among patients with BC. However, EGFR is reportedly
remarkably overexpressed in TNBC, ranging from 13% to 76% of all cases, and is considered a poor
prognostic factor in TNBC patients (Nakai et al., 2016).

Based on the dynamic molecular network between EGFR and PAM signaling (Guerrab et al.,
2016), preclinical studies revealed a therapeutic synergism between anti-EGFR targeted treatment and
DNA damaging agents such as platinum or PARPI, by increasing chemosensitivity in TNBC cell lines with
BRCA1 deficiency but intact PTEN (Al-Ejeh et al., 2013; El Guerrab et al., 2017; Guerrab et al., 2016). In
two previous phase Il trials of metastatic TNBC, adding the anti-EGFR compound cetuximab to cisplatin
or carboplatin improved clinical outcomes compared with platinum-based monotherapy regardless of
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statistical insignificance (Baselga et al., 2013; Carey et al., 2012). Given that these studies did not
account for biomarker-driven selection of target populations, further studies of EGFR inhibitors,
particularly anti-EGFR mAbs, should be performed in a molecularly predefined subset of TNBC cases.

3.2.5. MEK inhibitors

The mechanism of MAPK activation in TNBC and basal-like BC was firstly investigated in vitro.
These cell lines rarely have activating mutations of canonical oncoproteins such as Ras or Myc,
however, they often harbor copy-number aberrations in these oncogenes or show overexpression of
other growth factor receptors such as EGFR, IGF1R, VEGFR or FGFR1. Based on these molecular
characteristics, MEK (mitogen-activated protein kinase kinase enzymes MEK1 and/or MEK2) inhibitors
were suggested as an interesting therapeutic possibility in TNBC cases, particularly with wild-type
PTEN, since PTEN was considered a potential negative predictor of response (Hoeflich et al., 2009).
Nonetheless, in the presence of abundant signaling crosstalk, MEK inhibitors alone could not efficiently
suppress activation of the MAPK pathway. Thus, combination treatments with MEK inhibitors and
other targeted therapies or chemotherapeutic agents have been proposed to overcome
chemoresistance. Among numerous ongoing combination trials with MEK inhibitors, a phase Ib trial
combining the MEK inhibitor trametinib with gemcitabine in advanced solid tumors showed a case of
complete response in the patient with metastatic TNBC (Infante et al., 2013). However, other phase |
trials evaluating combination treatment of MEK inhibitors either with mTOR or PI3K inhibitors revealed
unacceptable fatal toxicities, prohibiting subsequent phase Il studies (A W Tolcher et al., 2015; Anthony
W Tolcher et al., 2015). These studies showed the potential lethality of co-blockade of master signaling
pathways, such as MAPK and PAM, which should be taken into consideration when designing future
combinatorial trials with targeted agents.

3.2.6. Immunotherapy for TNBC

Immunotherapy is a promising new direction for the management of TNBC, with immune
checkpoint blockade demonstrating strong anti-tumor activity and prolonged patient survival (Kang
and Syed, 2020; Khosravi-Shahi et al., 2018; Mittendorf et al., 2014).

TILs are a well-known prognostic factor in TNBC, particularly in early-stage disease, and is
positively correlated to both patient survival and pathological complete response after NACT. In
addition, TILs have shown a predictive value in patients with TNBC who were treated with immune
checkpoint inhibitors monotherapy, and their assessment is being implemented as a stratification
factor in BC immunotherapy trials (Criscitiello et al., 2016; Dieci et al., 2015; Kang and Syed, 2020; Loi
et al., 2019, 2013). In TNBC treated with neoadjuvant treatment, TILs were identified as a robust
predictive biomarker of long-term survival and its significance in remnant disease was subsequently
validated (Adams et al., 2014; Denkert et al., 2015; Gu-trantien et al., 2013; Ibrahim et al., 2014; Issa-
Nummer et al., 2013; Loi et al., 2014, 2013), revealing an active communication between immune
system and cytotoxic agents (Adams et al., 2014; Bates et al., 2006; Denkert et al., 2015, 2010; Dieci et
al., 2015; Liu et al., 2011; Loi et al., 2013; Oda et al., 2012). The significance of TILs in the adjuvant
setting has also been studied (Adams et al., 2014, Dieci et al., 2015; Gu-trantien et al., 2013; Loi et al.,
2014, 2013), suggesting that TILs have prognostic significance in systemically untreated early TNBC.
Also, lower level of TILs was significantly associated with enhanced activation of Ras-MAPK signaling,
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which, in turn, can trigger immune evasion in TNBC [207]. Thus, the presence of TILs may help in
candidate refinement for adjuvant CT or immunotherapy (Leon-Ferre et al., 2018).

Compared with other BC subtypes, TNBC is not only more likely to harbor TILs but also to express
PD-L1, mainly on TILs rather than on tumor cells (Mittendorf et al., 2014; Molinero et al., 2019; Schmid
et al., 2018). TILs and PD-L1 expression in TNBC has been shown to usually range from 20 to 65% in
tumor cells and/or immune infiltrate cells (Beckers et al., 2016; Cimino-Mathews et al., 2016; Kwa and
Adams, 2018; Li et al., 2016; Mittendorf et al., 2014). Retrospective studies with early TNBC cases
demonstrated significantly worse survival outcomes in patients harboring high PD-L1 expression and a
low level of TILs or a high ratio of PD-L1/CD8 expression (Mori et al., 2017; Okabe et al., 2017; Tomioka
et al., 2018). Remarkably, the only approved targeted therapy for TNBC consists in Atezolizumab, an
immune checkpoint inhibitor (ICl) against PD-L1, in combination with nanoparticle albumin-bound
paclitaxel (nab-paclitaxel) (Kang and Syed, 2020; Schmid et al., 2020). Approval was based on the
results of the phase Il IMpassion130 trial in patients with unresectable locally advanced or metastatic
TNBC, in which atezolizumab plus nab-paclitaxel significantly prolonged progression-free survival (PFS)
when compared to placebo plus nab-paclitaxel in the intent-to-treat population and the PD-L1+
subgroup (PD-L1 expression > 1%) (Schmid et al., 2020, 2018).

All things considered, TILs have a major role in orchestrating the immune microenvironment and
dynamically interact with cytotoxic signals from both CT and immunotherapy (Pruneri et al., 2016;
Wein et al., 2017). In fact, CT can induce multiple immunomodulatory changes in the tumor
microenvironment, such as increased antigen release by tumor cells, PD-L1 upregulation, which may
be behind the good results of the IMpassion130 trial (Schmid et al., 2020), and overexpression of
immunogenic cell surface markers (e.g., MHC class |) (Pruneri et al., 2016; Wein et al., 2017).

Similarly, studies have been assessing the combination of targeted agents with ICls. In a study,
PARPi modulated cancer-associated immunosuppression by upregulating PD-L1 in BC cell lines,
suggesting that blockade of PD-L1 could restore their sensitivity to PARPi. TNBC and basal-like BC cell
lines showed broad sensitivity to MEK inhibition, and the generation of effector T cells was enriched
by the treatment. These results suggested the MEK inhibitor as another weapon to harness immune
surveillance as well as a potential synergy with ICls (Loi et al., 2016).

Currently, a selection of potential immune biomarkers is being evaluated to predict chemo and
immunotherapeutic efficacy in BC beyond PD-L1 expression, including gene signatures, TILs and/or
their particular subsets (Saraiva et al., 2018), tumor mutational burden, microsatellite instability, and
mismatch repair (MMR) deficiency (Marra et al., 2019).

3.2.7. The Future of TNBC treatment

Recent advances in integrative omics introduced a variety of actionable targets and increased
the new horizon of targeted therapies, which could be particularly successful in subgroups of TNBC
patients that are expected to present more chemoresistance. However, increasing the treatment
spectrum does not necessarily ensure consequent therapeutic benefits. Therefore, it is important to
recognize that molecular heterogeneity is a double-edged sword, which could be the hope or the hype
for TNBC. Furthermore, although plenty of novel immune-molecular targets have been experimentally
validated, so far only one study transformed these preclinical results in clinical benefits in the daily
practice and current standard treatment (Kang and Syed, 2020; Schmid et al., 2020). Additionally,
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customized clinical trials based on individualized genotyping and transcriptomics seems increasingly
inevitable, in order to set precise personalized medicine against cancer wide evolutionary mutational
spectrum. In parallel, optimization of conventional CT in the landscape of immune-molecular
heterogeneity should also be continued to establish the most effective regimens. Juggling with these
efforts, the next chapter of TNBC treatment should focused on the novel combinatorial strategies,
which demand refinement of target populations, more robust biomarkers, and drug compounds.
Figure 9 depicts the interconnection of the possible therapeutic strategies in patients with TNBC based
on its chemosensitivity and immune molecular heterogeneity.

Targeting
“BRCA-ness”
Platinums
PARPi
Refining o -
conventional High-isk  Chemo-sensitive ~ PD-1/PD-L1  Immune
tients TLA4 — gystem
chemotherapy P2 TNBC Vaccines Y
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Figure 9 Future aspects of therapeutic strategies in patients with TNBC based on its chemosensitivity and immune
molecular heterogeneity. Future challenge in TNBC is fundamentally to enrich the therapeutic efficacy to the
optimal level both for chemosensitive and chemo-resistant population. Thus, conventional chemotherapy and
these four key entities constitute the main domain of upcoming treatment strategies. Targeting “BRCA-ness”,
revisiting targets including PAM, EGFR and MAPK pathways and emerging immunotherapy can be the master
molecular regulators of TNBC tumor microenvironment. Smart refining of conventional chemotherapy should be
accompanied with these molecular targeting. Finally, arrows represent combinatorial chains between these four
independent domains and these would be the key of future therapeutics for TNBC. CTLA-4 cytotoxic T-
lymphocyte-associated protein 4. EGFR epidermal growth factor receptor. MAPK mitogen-activated protein
kinase. PAM PI13K-Akt-mTOR pathway. PARPi poly(ADP-ribose) polymerase inhibitors. PD-1 programmed cell
death protein 1. PD-L1 programmed cell death ligand 1. Adapted from Park et al., 2018.

4. THE ANCESTRY-ASSOCIATED DISCREPANCY OF TNBC

The association between women of African-ancestry, frequently referred to as Black or Black-
origin women, by both World Health Organization (WHQ) and TCGA, and an increased susceptibility to
more aggressive BC goes back to the 1980s, before BC subtypes were part of our thought process. At
that time, BC in African-ancestry women was known as being more frequently ER-negative, affecting
women of younger age and, when stage and age matched, had worse prognosis than women from
other population (Coates et al., 1990; Crowe et al., 1986; Nachimuthu Natarajan et al., 1985; Swanson
and Lin, 1994).
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Most African countries have higher age standardized BC mortality rates than what is reported in
other continents (Sung et al., 2021). Overall, women from the African continent, Caribbean, Melanesia
and Polynesia have a higher cumulative risk of mortality by BC than other regions of the globe (Sung
et al., 2021). Nonetheless, the annual incidence of BC varies among African-ancestry populations and
accurate reporting of the data may be affected by the inadequacy of cancer registries in low-income
countries (Birnbaum et al., 2018).

Ancestry-associated disparities in BC-related mortality have also been reported in high-income
countries with mixed populations. For instance, in 2018, BC-related mortality in African-American (AA)
women, with 28.4 deaths per 100 000 (DeSantis et al., 2019), was quite similar by comparison with the
age-standardized cancer-related mortality of women living in the non-Latin Caribbean, who are
predominantly of African-ancestry, with 25.0 deaths per 100 000, despite decreased health-care
capacity (Razzaghi et al., 2016).

In the USA, AA women have a 40% higher BC-related death rate than women of
European/Caucasian descent, hereafter denominated as White patients, as stipulated in TCGA race list
(DeSantis et al., 2019). The same ancestry-associated discrepancy is observed in the UK, where a 5-
year distant BC relapse-free survival is 62.8% for young African-ancestry women, compared with 77%
for young White women with equal access to health care (p = 0.0053) (Copson et al., 2014). Although
differences in the biological characteristics of BC play a major role in these ancestry-associated
discrepancies, availability of early detection, access to diagnosis and treatment, cultural differences in
lifestyle behaviors and socioeconomic factors also influence prognosis and treatment (Newman et al.,
2006).

In the main scope of this project, TNBC is particularly disproportionately prevalent in African-
ancestry women (Brewster et al., 2014; Danforth, 2013; Keenan et al., 2015; Newman and Kaljee, 2017;
Sgrlie et al., 2001; Stark et al., 2010). Overall, TNBC accounts for about 10-20% of all BC cases but such
percentage increases in African-ancestry women when compared with other ethnic origins,
particularly in women who develop BC before the age of 50 years (Bauer et al., 2007; Shoemaker et
al., 2018). Overall, while White and Asian women tend to have TNBC at a later age of onset and with
less aggressive clinical course (Kwong et al., 2009; Lim et al., 2009; Saraiva et al., 2017), African-
ancestry women are often premenopausal (Carey et al., 2006; Huo et al., 2009; Lund et al., 2009; Zaky
etal., 2009), with a faster and more aggressive development of TNBC, independent of other risk factors
for BC (Stead et al., 2009). Accumulating evidence suggest that African-ancestry TNBC patients present
more unfavorable clinicopathological characteristics such as larger tumor size, higher proliferation and
more extensive lymph node involvement than White TNBC patients (Dietze et al., 2015a; Lund et al.,
2009; Sullivan et al., 2014), even when socioeconomic factors are accounted for (Dietze et al., 20153;
Sachdev et al., 2010). Additionally, AA patients have been reported to harbor more aggressive TNBC
subtypes such as BL1 and MSL, according to TNBCtype classification (Lehmann et al., 2011), as well as
greater intratumoral heterogeneity than White patients (Keenan et al., 2015; Lindner et al., 2013).
Also, African-ancestry women are less responsive to NACT and have worse prognosis when diagnosed
with locally advanced TNBC (Frasci et al., 2009).

Although there is evidence that disparities in healthcare access, co-morbid diseases and income
affect the stage of presentation and survival of African-ancestry women with TNBC (Danforth, 2013;
Vona-Davis and Rose, 2009), emergent data strongly suggests that biological disparities may drive
aggressive BC and, specifically, TNBC development in African-ancestry patients (Grunda et al., 2012;
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Keenan et al., 2015; Siddharth and Sharma, 2018). Thus, it is crucial to dissect the potential regulators
and molecular mechanisms involved in the higher incidence and development of aggressive TNBC in
these women. Such knowledge may lead to the development of models that specifically capture the
risk of African-ancestry women for TNBC, increase access to effective early detection and lead to the
implementation of health policies that improve the outcome and life quality of these patients.

4.1 Demographics

TNBC incidence is globally higher in African-ancestry women than in women from other
ancestries. In USA-based studies, the high incidence of TNBC in AA women was observed in BC cohorts
from North Carolina (Carey et al.,, 2006), California (Amirikia et al., 2011; Clarke et al., 2012),
Philadelphia (Morris et al., 2007), Boston (Stead et al., 2009), Georgia (Lund et al., 2009), and Michigan
(Stark et al., 2010). Studies also reported that TNBC is particularly prevalent in premenopausal AA
women when comparing with White women (Amirikia et al., 2011; Carey et al., 2006). In fact, the group
of non-Hispanic African-ancestry women younger than 44 years had the highest lifetime TNBC
incidence rates and higher incidence rates of stage Ill and IV disease (Amirikia et al., 2011).

In African countries, although the incidence of BC is lower than in higher income countries,
several studies showed that TNBC occurs in sub-Saharan and West African women at a higher
frequency and at a younger age than in AA women (P. Boyle, 2012; Fregene and Newman, 2005;
Newman et al., 2019; Stark et al., 2010). In general, BC incidence rates among sub-Saharan African
women are low (10-40 per 100 000), however, these women experience higher mortality rates (5-20
per 100 000) and are more often diagnosed at a younger age than either AA or White women, with a
peak incidence at 35-45 years. In 2009, in one of the fist BC-related epidemiolocal studies with data
from African countries, from six locations in Nigeria and Senegal, Huo et al. observed that TNBCs were
indeed predominant, making 55% of all cases (Huo et al., 2009). In a Mali-based study, in which BC
patients had a mean age of 46 years, the TNBC subgroup represented 46% of the cohort and displayed
a particularly aggressive pattern, with 90% of cases being grade Ill and 88% highly proliferative (Ki67 <
20%) (Ly et al., 2012). Furthermore, in a study comparing Detroit-based patients and Ghanian patients
diagnosed with invasive BC, 76% of Ghanians, 7.9% of AAs and 2.8% White-Americans were diagnosed
with poorly differentiated and advanced stage (I1l/1V) BC. Of those patients, 83% of Ghanaian women
had TNBC, while 41.9% of AA women and 15.4% of White women had TNBC (Stark et al., 2010). Later,
the same group included Ethiopian/east Africans BC patients (Jiagge et al., 2016). A total of 234
Ghanaian (mean age 49 years), 94 Ethiopian (mean age 43 years), 272 AA (mean age 60 years), and
321 White-American (mean age 62 years, p = 0.001) patients were compared. Again, TNBC was more
common among Ghanaian (53.2%) and AA (29.8%) compared with White (15.5%) and Ethiopian
(15.0%) cases and, regarding patients younger than 50 years, prevalence of TNBC remained highest
among Ghanaians (50.8 %) and AA (34.3 %) compared with White and Ethiopian patients
(approximately 16 % in each, p = 0.0002). Thus, this study shows an association between TNBC and
West African ancestry (Jiagge et al., 2016). Figure 10 shows the prevalence of TNBC among White and
Black-origin patients from the USA and among African countries, according to epidemiological studies
involving patients from those countries, compiled by Siddhart et al. (Siddharth and Sharma, 2018).
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Figure 10 Prevalence of TNBC among USA and African countries. WA White-
American. AA African-America. Adapted from Siddhart et al. (2018).

To our best knowledge, the only Portuguese-based study comparing the ancestry-associated
discrepancy of TNBC incidence and aggressiveness in African-ancestry women was performed with
data collected from the public Hospital Professor Doutor Fernando Fonseca (HFF), which is located in
a catchment area where a large part of the population is from the former Portuguese colonies (Honério
et al., 2016). In this study, from a total of 1552 BC patients, 144 had TNBC (9.3% of the whole sample),
most of which do not had information regarding ancestry. Among the TNBC patients, 17 patients were
identified as being from African-ancestry (12%). Authors also observed that the prevalence of initially
metastatic BC was significantly higher among the African population, comparing with patients from
other populations or without indication of ancestry (41.2% vs 11%, p < 0,005), and the outcome was
also worse for African-ancestry patients (median survival: 62 vs 15 months, p < 0.005) (Honério et al.,
2016).

4.2 Prognosis

African-ancestry women have higher overall BC mortality compared with White women (Carey
et al., 2006; Chlebowski et al., 2005; Shen et al., 2007), with a mortality rate in AA 40% higher than in
White women (28.4 vs 20.3 deaths per 100 000). This disparity is magnified among AA women aged
<50 years, who have a death rate double than White women (DeSantis et al., 2019). Furthermore,
African-ancestry women also have a higher rate of tumor recurrence compared to other populations
across all BC subtypes (Keenan et al., 2015; Kroenke et al., 2014).

Contributing factors include disparities in income, barriers to screening, differences in
treatment, higher stage of disease at diagnosis and increased incidence of TNBC (Ayanian et al., 1993;
Birnbaum et al., 2018; Bradley, 2002; Furberg et al., 2001; McWhorter and Mayer, 1987; Servick, 2014).
Although Western nations have a higher incidence of BC in comparison to developing nations,
mortality is highest in developing nations. The factors influencing patients’ treatment and survival are
affected by cultural and economic barriers and differ significantly throughout the world (Birnbaum et
al., 2018; Dietze et al., 2015b; Servick, 2014).
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As with general BC cases, AA patients with TNBC have also been reported to experience shorter
OS and progression-free survival than their White counterparts (Dietze et al., 2015a; Lund et al., 2009;
Sullivan et al., 2014). Although not taking in account BC subtypes, Newman et al. (Newman et al., 2006)
conducted a large meta-analysis of over 13 000 AA women with BC compared with 75 000 White
women, observing that AA women had nearly 30% higher mortality rate when compared with White
patients. In other study, although African ancestry was associated with poor prognosis, it was unclear
whether poor survival was due to differences at the molecular level of TNBC, beyond an increased
frequency of this type of BC (Carey et al., 2006).

Overall, most studies suggest that African-ancestry women diagnosed with TNBC have lower
survival rates, worse response to treatment and faster relapse (Albain et al., 2009; Bauer et al., 2007;
Lund et al., 2009; Shen et al., 2007; Woodward et al., 2006). Particularly, Woodward et al. (Woodward
et al., 2006) explored the effect of ancestry on survival outcome in TNBC patients after doxorubicin-
based NACT or CT and reported that, despite a uniform distribution of treatment, African ancestry was
independently associated with poorer survival in both treatment regimes. Albain’s group (Albain et al.,
2009) found that AA women with early-stage premenopausal BC had a significantly worse prognosis
than age- and prognosis-matched White women. Bauer et al. (Bauer et al., 2007) and Lund et al. (Lund
et al., 2009) also reported a worse survival for AA women with TNBC after controlling for
socioeconomic factors and treatment delay. Taken together, these studies provide evidence that even
after controlling for treatment disparities, biological differences may contribute to the poor survival of
women with TNBC. However, studies investigating TNBC at molecular level are needed to better define
potential biological differences.

Currently, there are no reliable methods to identify African-ancestry TNBC patients at high risk
of poor outcomes, which would indicate the need to offer more tailored treatments. ldentification of
biomarkers that can risk-stratify African-ancestry TNBC patients, particularly the younger, and predict
responsiveness to targeted and cytotoxic agents could improve prognosis of this high-risk patient
population.

4.3. Biology of BC and TNBC in African-ancestry patients

Explanations for the biological and hereditary racial disparities of cancer are complex and studies
often include factors such as socioeconomic and cultural (Newman, 2017; Newman and Kaljee, 2017).
However, even when accounting for these factors, the observed differences in the incidence, age of
onset and disease aggressiveness strongly suggest a biological role for differences regarding oncogenic
signaling pathways of breast tumorigenesis between African-ancestry and White women, particularly
in the TNBC subtype (Chen and Li, 2015; Chlebowski et al., 2016; Coates et al., 1990; Daly and Olopade,
2015; Igbal et al., 2015).

4.3.1. Risk factors

White women diagnosed with BC experienced increased survival rates in 1999-2005 relative to
1991-1998 in the USA. By contrast, AA women did not experience improved BC survival during this
time period (Silber et al., 2013). As previously mentioned, lower survival rates for AA women are
attributed to advanced disease presentation, co-morbid diseases, disparities in income, lack of access
to BC screening and oncology care, and delays in treatment (Vona-Davis and Rose, 2009). Particularly,
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AA women experience an unequal burden of co-morbid disease, including obesity and diabetes (Black,
2002).

4.3.1.1. Obesity, diabetes and inflammation

According to the Center for Disease Control and Prevention (CDC), obesity is defined as a body
mass index (BMI) > 30 kg/m? and these individuals are considered as metabolically unhealthy
(https://www.cdc.gov/obesity/adult/defining.html, last consulted on 24 March 2021). Waist/hip ratio
(WHR) is also used to measure the abdominal obesity. According to the WHO, a WHR of > 0.85 is also
considered to be an increased risk for metabolic disorders (World Health Organization, 2008).

Several studies have shown that obesity is a general risk factor for TNBC (Kwan et al., 2009; Lee
et al., 2011; Pierobon and Frankenfeld, 2013), particularly in premenopausal AA women (Bandera et
al., 2015; Carey et al., 2006; Millikan et al., 2008). Because there is a higher incidence of obesity in AA
women and obesity predicts poor survival, it is hypothesized that obesity is a potential driver of
aggressive TNBC biology in AA women, however no clinical trial has directly evaluated TNBC
progression in obese African-ancestry and White women. There are many potential biological
mechanisms by which obesity might increase the incidence of aggressive subtypes of TNBC in African-
ancestry women. Obese women have tissue inflammation associated with increased circulating levels
of insulin and inflammatory cytokines, including interleukin-6 (IL-6), IL-8, tumor necrosis factor (TNF)
and leptin. IL-6 and IL-8 activate signal transducer and activator of STAT3, NFKB and EZH2 signaling
and predict poor prognosis in women with TNBC (Creighton et al., 2009; Dietze et al., 2018; Hartman
et al., 2013; Kahn et al., 2006; Sharma and Davidson, 2013).

Type 2 diabetes (T2D) is another co-morbidity which may increase the risk for BC development.
Meta-analyses of T2D and risk of overall BC have shown an approximately 20% increased risk
associated with T2D (Boyle et al., 2012; Larsson et al., 2007). In 2017, Palmer et al. published a study
involving more than 54 000 AA women who were cancer-free at the start of the study, being followed
during a period of 18 years (Palmer et al., 2017). Analysis of this cohort of AA BC patients suggested
that that AA women with T2D have a 40% increased risk of developing ER- BC. Additionally, T2D was
not associated with incidence of ER+ BC in AA women (Palmer et al., 2017). Multiple mechanisms have
been proposed to explain associations of T2D with BC risk (Ferroni et al., 2015; Giovannucci et al.,
2010), such as the dysregulation of glucose metabolism experienced by diabetics that can lead to a
chronic proinflammatory condition with associated oxidative stress and promotion of tumor initiation
and progression (E. Goldberg and L. Schwertfeger, 2010; Gunter et al., 2015). In a chronic inflammatory
state, there are typically high levels of proinflammatory cytokines (Kahn et al., 2006) and infiltration of
adipose depots with immune cells, notably proinflammatory macrophages (Weisberg et al., 2003).
These adipose tissue macrophages secrete cytokines that promote insulin resistance in adipocytes
(Stephens et al., 1997). Evidence is accumulating that chemokines and cytokines of the breast adipose
microenvironment, such as IL-6 (Walter et al., 2009), promote carcinogenic processes in epithelial cells,
including increased cell proliferation and survival, and EMT in early stage BC cells (Grivennikov et al.,
2010; lyengar et al., 2003; Quail and Joyce, 2013; Sullivan et al., 2009) (Figure 11).
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Figure 11 Adipocytes and insulin resistance promote secretion proinflammatory cytokines in the
tumor microenvironment and induce the major hallmarks of cancer development, such as
proliferation, survival, invasion and metastasis. Created with BioRender.

4.3.1.2. Breast density

Breast density is higher in African-ancestry women. Not only the rigidity of the extracellular
matrix can be a factor that drives the malignancy (Boyd et al., 2014; Collett et al., 2005; McCormack
and Dos Santos Silva, 2006), as cancer in dense breasts is harder to diagnose by mammography (Barlow
et al., 2006; Boyd et al., 2014), raising the possibility that the worse prognosis in these cases might be
due to a delay in diagnosis. Additionally, denser mammary glands may have distinct growth factor
profiles that predispose women to more aggressive cancer with estrogen independence. Nevertheless,
breast density as a risk factor in African-ancestry women is controversial, since stage matching in
epidemiological studies contradict this hypothesis (Albain et al., 2009; Chlebowski et al., 2016).

4.3.1.3. Breastfeeding, involution and inflammation

Approximately 21% of AA women breastfeed in comparison to 37% of White women (Hall et al.,
2005). The lack of breastfeeding reportedly increases the risk of women developing TNBC (Hall et al.,
2005; Palmer et al., 2011; Shinde et al., 2010). After lactation, or parturition in the absence of nursing,
the mammary gland undergoes involution (Lyons et al., 2011). Using mice, Lyons et al. have shown
that breast tissue involution results in tissue inflammation and activation of cyclooxygenase 2 (COX2,
also known as prostaglandin G/H synthase 2), and wound-healing programs that promote the
deposition of high-risk cross-linked, fibrillar collagen (Lyons et al., 2011). Although not confirmed in
African-ancestry BC patients, aligned fibrillar collagen predicts poor survival in White women with
invasive BC (Conklin et al., 2011). Nonetheless, no breastfeeding as a risk factor for BC and TNBC
development in African-ancestry women is also controversial, since studies performed in African
countries, where the fertility rate is among the highest in the world, are still lacking. Thus, overall,
further studies are needed to better understand the molecular link between pregnancy, parity and
TNBC in African-ancestry women.
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4.3.2. TNBC profile in African-ancestry patients

The fact that basal-like BCs/TNBCs account for a preeminent percentage of BC in African-
ancestry patients were first outlined by the Carolina Breast Cancer Study, in 2006 (Carey et al., 2006).
In 2010, it was published the first study using massively parallel DNA sequencing technologies, which
provided an unprecedented ability to screen entire genomes for genetic changes associated with
tumor progression, focused in an 44-year-old AA patient with inflammatory basal-like BC (Ding et al.,
2010). In this study, authors performed genomic analyses of four DNA samples from that patient,
including peripheral blood, the primary tumor, a brain metastasis and a xenograft derived from the
primary tumor. Results showed that the metastasis contained two de novo mutations and a large
deletion not present in the primary tumor and was significantly enriched for 20 shared mutations. The
xenograft retained all primary tumor mutations and displayed a mutation enrichment pattern that
resembled the metastasis. Also, overlapping large deletions, encompassing CTNNA1, were present in
all three tumor samples. Thus, the study of the primary tumor-metastasis-xenograft trio suggested
that, although additional somatic mutations, copy number alterations and structural variations do
occur during the clinical course of the disease, most of the original mutations and structural variants
present in the primary tumor are propagated (Ding et al., 2010).

Although not comparing the obtained results with those from patients with other ancestries,
this study (Ding et al., 2010) opened a path for the investigation of molecular mechanisms that
potentially drive the higher incidence and aggressiveness of TNBC in African-ancestry women. Since
most translational studies and clinical trials are performed in Europe, North America and East Asia,
African-ancestry patients included in those studies are scarce or even inexistent. Thus, if cancer in
general, and BCin particular, still present more questions than answers regarding the main regulators,
molecular mechanisms and development, African-ancestry patients are in an even more hazardous
position, especially in relation to the massively heterogeneous TNBC disease. Hence, the study of the
driving molecules and pathways and respective effects in TNBC incidence and progress in African-
ancestry patients is crucial. Some of the most comprehensive discoveries at the level of molecular
biology of TNBC in African-ancestry patients from the past years are highlighted in the next
subsections.

4.3.2.1. BRCA1 incidence

Most BCs with BRCAI mutations are TNBCs (69%) (Mavaddat et al., 2012). Although the
incidence of TNBC is high in African-ancestry women, several studies show that the incidence of
germline BRCA1 mutations is low relatively to the incidence in White women. In a study of 155 high-
risk families, AA had a lower rate of deleterious germline BRCA1 mutations compared with non-
Hispanic, non-Jewish White patients (27.9% vs 46.2%, respectively), but a higher rate of sequence
variations (44.2% vs 11.5%, respectively, p < 0.001) (Nanda et al., 2005; Olopade et al., 2003). In fact,
deleterious mutations in BRCA1 are frequently find in Ashkenazi-Jewish women (69.0%) (Nanda et al.,
2005). Additionally, in a TNBC cohort, while 50% of White non-Ashkenazi-Jewish women had germline
BRCA1 mutations, fewer than 20% of AA women had germline BRCA1 mutations (Greenup et al., 2013).
This suggests that other genetic mechanisms beyond germline mutation of BRCA1 may promote TNBC
in AA women.

In fact, a diverse spectrum of BRCA1 mutations and sequence variations unique to African-
ancestry women have been reported (Fackenthal et al., 2005; Gao et al., 2000; Oluwagbemiga et al.,
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2015; Szabo and King, 1997; Zhang et al., 2009, 2010), with only a small fraction of the mutations
resulting in known structural defects that block BRCA1 function (Fackenthal et al., 2005; Gao et al.,
2000; Szabo and King, 1997; Zhang et al., 2009, 2010). In 2017, Polak et al. (Polak et al., 2017), using
TCGA data, evaluated differences in the frequencies of genetic (germline and somatic) and epigenetic
events. Authors reported that epigenetic silencing of BRCA1 and RAD51C - a member of RAD51 family
which is involved in DNA repair by homologous recombination, promoting DNA-strand invasion and
homology search (Nielsen et al., 2016) - due to promoter-methylation events, was highly enriched in
basal-like BCs in young AA patients. This suggests that the mechanism of HRD differs between White
patients, in whom genetic mutations predominate, and AA patients, in whom promoter methylation
is more frequent (p = 0.0009) (Polak et al., 2017).

Furthermore, EZH2, a member of Polycomb group family that blocks BRCA1 function by inducing
protein kinase B (PKB or AKT) dependent genomic instability (Gonzalez et al., 2011), was linked to
aggressive TNBC in AA women. Overexpression of nuclear EZH2 was significantly associated with basal-
like TNBC in African-ancestry women in a joint study by Kleer and Newman, which included 100
invasive BC cases from Ghanaian women (Pang et al., 2012).

4.3.2.2. Germline and somatic alterations

In a multigene hereditary cancer panel testing study (Shimelis et al., 2018), two panels with 21
and 17 genes were tested in 8752 and 2148 TNBC patients, respectively. Overall, germline pathogenic
variants in BARD1, BRCA1, BRCA2, PALB2, and RAD51D were associated with high risk (odds ratio [OR]
> 5.0) of TNBC and greater than 20% lifetime risk for overall BC and pathogenic variants in BRIP1,
RAD51C, and TP53 were associated with moderate risk (OR > 2) of TNBC. These pathogenic variants
were detected in 12.0% (3.7% non-BRCA1/2) of all TNBC participants. No statistically significant
differences were observed in TNBC patients from AA and White patients (Shimelis et al., 2018).

Regarding genome-wide association studies (GWASs), most of them have been carried out in
populations mainly composed by White patients. As the Black Women’s Health Study matures, it is
anticipated that GWASs focusing on African-ancestry women will provide important insights into the
genetic basis of TNBC in this population. GWASs of AA women identified a common risk variant at the
telomerase reverse transcriptase (TERT)-CLPTM1-like (CLPTM1L) locus on chromosome 5p15 (OR =
1.25; p <0.0001), that was present at a greater frequency in AA women than in White women and was
significantly associated with TNBC in women with less than 50 years old (OR = 1.48; p < 0.0001) (Haiman
et al., 2011). A genetic variant in the LOC643714 gene has also been identified as predicting a 23%
increased risk for BC in AA women but not in White women (OR = 1.23; 95% confidence interval, 1.05-
1.44) (Ruiz-Narvaez et al., 2010).

Using TCGA’s exome sequencing data from 105 AA women and 663 White women, Keenan et.
al. (Keenan et al., 2015) showed that BCs from AA patients presented a greater intratumor genetic
heterogeneity, having more TP53 mutations (42.9% vs 27.6%, p = 0.003) and fewer PIK3CA mutations
(20.0% vs 33.9%; p = 0.008). Furthermore, AA patients had a higher risk of tumor relapse than White
patients (hazard ratio, 2.22; 95% Cl, 1.05 to 4.67) (Keenan et al., 2015).

In 2017, Ademuyiwa et al. (Ademuyiwa et al., 2017) reported a mutational analysis of AA and
White TNBC patients from TCGA, where tumor somatic mutations and microarray data were analyzed
in order to compare the mutational landscape between these populations. Interestingly, they found
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no compelling differences in the panorama of mutated genes between AA and White TNBC patients.
Also, they found no ancestry-associated differences in high prevalence genes, such as TP53, PI3CA and
MLL3, between AA and White TNBC patients, attributed to the fact that there is no significant
difference in somatic mutations of these genes. This work is one of the few in which authors argue that
the higher frequency of TNBC in AA women is not associated with a different genetic profile of
commonly established tumor regulatory pathway genes and that other modifiable factors may exist
that contribute to the ancestry-associated disparity in TNBC (Ademuyiwa et al., 2017).

Also in 2017, Huo et al. (Huo et al., 2017) reported the increased frequency of basal-like BC
subtypes among AA compared with White cases from TCGA. Also, their TCGA analysis suggested that
> 40% of the differences in frequencies of BC subtypes may be explained by inherited germline variants,
suggesting that a significant proportion of ancestry-associated differences in subtype frequencies are
due to genetic factors. Furthermore, as Keenan et al. (Keenan et al., 2015), authors also reported that
AA patients have more TP53 and fewer PIK3CA mutations compared with White patients (52% vs 31%,
p < 0.0001, and 24% vs 36%, p = 0.012, respectively) (Huo et al., 2017).

More recently, to investigate subtype-specific risk of germline alleles associated with TNBC in
African-ancestry populations, Newman et al. (Newman et al., 2019), through the International Center
for the Study of Breast Cancer Subtypes (ICSBCS) biorepository, used a surgically maintained
biospecimen cohort of 2884 BC cases. Different groups of patients, (760 AAs, 962 Whites, 910 West
African/Ghanaians, 252 East African/Ethiopians), as well as a subset of 417 healthy controls, were
analyzed for genotypes of candidate alleles in order to measure, among the groups of African-ancestry
patients, the associations between the overall BC risk and TNBC. Authors observed that TNBC
frequency was highest in Ghanaian and AA patients (49% and 44% respectively, p < 0.0001) and lowest
in Ethiopian and White patients (17% and 24% respectively, p < 0.0001). Among the obtained results,
authors highlight the high frequency of the Duffy-null allele, rs2814778 or DARC/ACKR1 variant, an
African ancestral variant adopted under selective pressure as protection against malaria, which was
associated with TNBC-specific risk (p < 0.0001) and West African ancestry (p < 0.0001) (Newman et al.,
2019). Interestingly, previous TCGA analyses revealed that low DARC/ACKR1 expression was an
adverse prognostic factor in AA patients (Davis et al., 2015). Likewise, correlations between
DARC/ACKR1 mutations specific to African-ancestry patients and cancer-related chemokines were
confirmed among separate patient cohorts from Michigan as well as Georgia (Jenkins et al., 2019).
Thus, Duffy-null variant of DARC is independently associated with TNBC risk in African-ancestry women
(Newman et al., 2019).

4.3.2.3. Gene expression

Few studies have provided limited but important findings concerning gene expression profiles
of African-ancestry BC patients, mostly composed by USA-based studies.

The first study using TCGA’s BC data was developed by TCGA consortium itself. In this study,
TCGA group analyzed primary BCs from 627 women, 53 of whom (8.5%) were AA (Koboldt et al., 2012).
Comparatively to BCs in White women, BCs from AA women showed increased expression of members
of the p53, BRCA1, Aurora A, Aurora B and polo-like kinase (PLK) signaling networks (Koboldt et al.,
2012).
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In a 2013 study, Lindner et al. compared a total of 136 TNBC tumor samples from White (54%)
and AA women (39%) (the remaining 7% were of Hispanic ethnicity), from the Yale TNBC cohort,
through gene expression profiling and IHC. They not only verified that the basal-like subtypes were
more common in AA cases, as they also reported that the transcriptional profiles from AA women
demonstrated a gene expression signature that was consistent with increased loss of BRCA1
expression, increased activation of IGFIR and increased expression of VEGF-activated genes, as
compared with the transcriptional profiles of White women (Lindner et al., 2013).

Also published in 2013, and although not being specific to TNBC subtype, Stewart et al. (Stewart
et al., 2013) performed a comprehensive differential gene expression analysis, including subtype- and
stage-specific analysis, using the BC data from TCGA. Differentially expressed genes between 53 AA
and 574 White BC patients increased in number in each stage of tumor progression, being 26 in stage
I, 161 in stage Il, and 223 in stage lll. Resistin, a gene that is linked to obesity, insulin resistance, and
BC, was expressed more than four times higher in AA tumors. Also, network analysis showed increased
expression of a majority of components in TP53 and BRCA1 subnetworks in AA patients, and members
of the aurora B and polo-like kinase signaling pathways were also highly expressed. Authors suggest
that the higher gene expression diversity observed in more advanced stages may be due to increased
genomic instability during tumor progression.

As the previous study, the work of Keenan et. al (Keenan et al., 2015) was not TNBC specific.
Microarray gene expression data, obtained from TCGA, from 159 AA women and 711 White women
was assessed in this study. Among TNBC cases, according to TNBCtype classification, AA patients had
more BL1 and MSL tumors than White patients. Also, AA patients had a higher risk of tumor relapse
than White patients (hazard ratio, 2.22; 95% Cl, 1.05 to 4.67). Taken together, these observations
suggest a more aggressive biology in AA patients than in White patients.

In 2017, Huo et al. (Huo et al., 2017) also reported on the increased frequency of PAM50 basal
subtype tumors among 154 AAs compared with 776 White patients from TCGA, using upper quartile
normalized RNA-seq data. 142 differentially expressed genes (FDR < 0.05) between AA patients and
White patients were identified by linear regression, adjusting for basal intrinsic subtype (56 AA vs 114
White patients). Among the differentially expressed genes, authors highlight CRYBB2. This gene has
been consistently found to be overexpressed in BCs from AA comparing with White patients (Field et
al., 2012; Grunda et al., 2012; Martin et al., 2009; Sturtz et al., 2014). In fact, CRYBB2 expression was
also higher in AA patients within each BC subtype and in normal breast tissue from AA, indicating that
CRYBB2 overexpression is a ancestry-specific feature and thus, not necessarily involved in BC and TNBC
progression or aggressiveness in this population (D’Arcy et al., 2015; Field et al., 2012). Authors also
performed Kyoto Encyclopedia of Genes and Genomes (KEGG) gene enrichment analysis of the 142
genes differentially expressed genes, observing an enrichment in ether lipid (p = 0.023) and alpha-
linolenic acid (p = 0.049) metabolic pathways. Such ancestry-associated differential expression in lipid
metabolizing genes could be due to quantitative trait loci regulation or may reflect differences in the
nutritional status or obesity rates between AA and White women (Dietze et al., 2018; Wang and
Beydoun, 2007).

4.3.2.4. Metabolism

Tayyari et al. (Tayyari et al., 2018) performed metabolic analysis of BCs to identify how TNBC
differs from luminal A subtype within AA and White patients. Authors used High-Resolution Magic
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Angle Spinning (HR-MAS) 1H Nuclear magnetic resonance (NMR) to perform the metabolomic analysis
of BC and adjacent normal tissues (n = 82 samples). As expected, TNBC and luminal A subtypes in AA
patients exhibited different metabolic profiles, showing also a distinct profile from those revealed in
White patients. TNBC in AA women showed reduced ATP levels, as well as profound metabolic
alterations characterized by decreased mitochondrial respiration and increased glycolysis. Authors
suggest that rapidly proliferating cancer cells undergo metabolic reprograming to meet their high rates
of growth and proliferation. Thus, these cells upregulate the glycolytic flux to lactate in the presence
of oxygen (i.e., the Warburg effect). In this situation, ATP is preferentially generated through aerobic
glycolysis instead of oxidative phosphorylation, which leads to the rapid, yet inefficient, production of
ATP per unit of glucose consumed (Zheng, 2012). Furthermore, previous studies also reported that
TNBC cells exhibited profound metabolic alterations characterized by a decrease in mitochondrial
respiration and increased glycolysis (Pelicano et al., 2014). It is documented that rapid ATP
consumption, resulting in low levels of ATP, and its degradation product, adenosine, increased BC cell
migration. Also, an adenosine receptor antagonist was found to attenuate the ATP stimulation of
tumor cell migration and metastases in vitro and in vivo (Jiang et al., 2015). Hence, these metabolic
alterations could potentially be exploited as novel treatment targets for TNBC in AA patients.

4.3.2.5. Cancer stem cell-like cells

Cancer stem cells (CSC), a rare population of cancer cells harboring the potential for self-renewal
and differentiation, have been shown to exist in BC. Theoretically, any cell produced along the pathway
from the parent mammary stem cell through a multipotent progenitor, to a committed progenitor,
and ultimately to a differentiated mammary gland cell can experience some aberrant oncogenic
activity and transform into a breast CSC (BCSC). Essentially, differentiated epithelial cells are expected
to interact with their microenvironment in a well-regulated fashion, but they will occasionally be
triggered to assume mesenchymal properties featuring the capacity to migrate and avoid apoptosis (in
the so called EMT process), and plasticity to transition between these patterns. BCSCs represent the
subpopulation of tumor cells that can self-renew and recapitulate the parent tumor, while the cancer
cells lacking the BCSC properties do not have this ability. The latter non-BCSCs, more proliferative,
comprise the bulk of the detected tumor and its metastases, while the minority-subpopulation BCSCs
account for the metastatic potential. Conventional CT regimens typically focus on exterminating the
hyperproliferative and abundant non-BCSC population. Thus, efforts to identify the quiescent BCSCs
and to develop therapies that disrupt the BCSC metastatic progression and cancer relapse represent
exciting prospects in precision medicine research (Creighton et al., 2009; Jiagge et al., 2018; Lin et al.,
2016; Liu and Wicha, 2010). BCSCs are generally characterized with a CD44+/CD24low and/or ALDH1+
(ALDH1A1+) population (Al-Hajj et al., 2003; Fillmore and Kuperwasser, 2007; Ginestier et al., 2007),
which are usually detected by flow cytometry and fluorescence-activated cell sorting. Although the
prognostic value of these markers has not been definitively determined, findings from several studies
have shown that tumors with higher proportions of CSCs indicated by any of these markers are
associated with worse prognosis (Ginestier et al., 2007; Lin et al., 2016; Liu et al., 2014).

Preliminary data suggest that TNBCs are enriched with populations of cells that feature BCSC
markers, and this feature may account for the metastatic potential of this aggressive BC subtype.
However, very little is known regarding BCSC patterns African-ancestry women, as most stem cell
studies in humans have been based on specimens from White and East Asian patient populations
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(Jiagge et al., 2018). A study by Nalwoga et al. (Nalwoga et al., 2010) tested for ALDH1 in 192 BCs from
African-ancestry women. ALDH1 expression was detected in 88 BC specimens from Uganda (48%) and
was associated with p53 (p = 0.034) and basal-type markers (p = 0.008) (Nalwoga et al., 2010), while
only 19% and 30% of BCs from non-African-ancestry women in Michigan and France, respectively,
overexpressed ALDH1+ population (Ginestier et al., 2007). Schwartz et al. reported overexpression of
ALDH1 in 42% and 17% of the stromal and epithelial compartments, respectively, from 104 Ghanaian
BC cases. These authors also found notably higher expression of ALDH1 in TNBCs as well as in normal
breast tissue from Ghanaian patients. An updated and expanded but unpublished series from this
group found ALDH1 expression to be increased among specimens from AA and Ghanaian BC patients
(32% and 36%, respectively) compared with White and Ethiopian patients (23% and 17%, respectively,
p = 0.007) (Jiagge et al., 2018; Schwartz et al., 2013). Finally, Nakshatri et al., studied the distribution
of mammary stem cell phenotype in the healthy breast tissue samples from AA and White women
from the Susan G Komen Tissue Bank (Indianapolis, USA) and found that CD44+/CD24low multipotent
stem cells were significantly more frequent in AA in comparison to White patients (Nakshatri et al.,
2015).

In addition to these markers, a number of studies suggest the activation of Wnt signaling
pathway in TNBC (Barker and Clevers, 2006). Specifically, upregulation of Wnt signaling leads to
increased stemness in TNBC cells (lbrahim et al., 2013). A study conducted by Getz et al. revealed that
Whnt signaling pathway represents a major functional pathway in a cohort of AA patients with TNBC
and that genes and proteins associated with Wnt signaling pathway, like TNC, Cavl, FOXO3A and TCF4,
are significantly induced in this subset of patients (Getz et al., 2015). Also, co-activation of Wnt and
Hedgehog signaling in TNBC samples correlated with shorter recurrence and poor survival (Arnold et
al., 2017).

Overall, these studies show that the abundance of CSCs can potentially explain the inherently
aggressive biology of TNBCs in African-ancestry women, particularly regarding treatment resistance
and faster relapse. Nonetheless, although this notion is gaining traction and is supported by multiple
studies, additional population-based studies are required to prove this concept.

4.3.2.6. Immune microenvironment

The degree of immune infiltration in the tumor microenvironment is a consistently reported
prognostic and CT treatment response marker in TNBC. Both a high TIL count and high immune-related
gene expression predict higher pCR rates and better prognosis (Section 3.2.6.) (Adams et al., 2014;
Bianchini et al., 2010; Denkert et al., 2015; Loi et al., 2019).

In order to test for immunological differences between AA and White patients, using RNA-seq
data from TNBC patients from TCGA, immune metagene analysis demonstrated marginal immune
attenuation in AA patients relatively to their White counterparts, not reaching statistical significance,
with no consistent ancestry-associated differences in immune gene expression or TIL counts in TNBC
according to patient’s ancestry (O’Meara et al., 2019). Nonetheless, such study is not able to rule out
small differences in immune cell subtype distribution and activity status that may not be apparent in
bulk RNA analysis.

Additionally, Mremi et al. examined cases of BC in Tanzanian (n = 83), AA (n = 120), and White
women (n = 120). Not only BC from the Tanzanian and AA groups were more likely to be high grade (p
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= 0.008), to have a high mitotic rate (p < 0.0001), and to be ER-negative (p < 0.001), as higher levels of
TILs were observed in Tanzanian and AA patients compared to White patients (p = 0.0001).
Furthermore, interestingly, among all subjects TIL levels were higher in tumors with a high mitotic rate
and ER- cases (Mremi et al., 2019).

4.4. Future directions

Despite significant improvements in BC therapeutics, TNBC remains a challenge owing to
aggressive progression and lack of targeted therapies. In recent years, it has become evident that
younger African-ancestry women are disproportionately affected by TNBC. Although many
epidemiological and clinical studies have shown a higher prevalence of TNBC in this population and
put forth various genetic and environmental factors that may influence aggressive progression of
TNBC, we still lack studies focusing entirely on ancestry-associated disparity in TNBC with emphasis on
underprivileged African-ancestry women.

Future challenges include defining the molecular drivers and signaling pathways that promote
TNBC incidence and development in African-ancestry women. Figure 12 displays a summary of the
most comprehensive aspects involving aggressive behavior of BCand TNBC in African-ancestry women.
Despite the efforts in exploring the biology of TNBC development and aggressiveness in African-
ancestry women in the past decade, this subject needs to be deepened urgently. Also, it will be
important to distinguish whether women of African-ancestry may have a population-specific TNBC
subtype, with unique biological factors that promote a more aggressive biology when comparing with
other populations. Also, defining the molecular link between environmental exposures, socioeconomic
disparities and TNBC in African-ancestry patients, both from higher income and from African countries,
will be a complex undertaking.

Multiple new combinational or sequential therapies are currently under investigation in
prospective clinical trials to counter TNBC, based on their unique biology in this era of precision
medicine studies. Even with considerable advancement in understanding the unique biology of TNBC
in African-ancestry women, owing to epidemiological, clinical and preclinical studies, very few clinical
trials have undertaken the task to directly compare the efficacy of therapeutic agents in African-
ancestry vs White TNBC patients. In fact, only one such trial is being conducted (ClinicalTrials.gov
identifier: NCT03057600). This trial consisted in a phase 2 study of the combination of CB-839 with
paclitaxel in AA patients and non-AA patients with advanced TNBC. On February 8, 2021, results were
not yet available.

TNBC disparity in African-ancestry and White women stems from a complex interaction of
socioeconomic factors and biology. In conclusion, improving survival in African-ancestry TNBC cohort
would require a transdisciplinary approach involving a cohesive interplay encompassing biology,
genetics, and socioeconomic factors.
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Figure 12 Comprehensive summary of the current known factors involved in the activation
of signaling networks that promote aggressive biology of breast cancer and TNBC in African-
ancestry women. Such factors include socioeconomic disparities, co-morbidities, such as
obesity and diabetes, and unknown ancestry-specific biology. Aggressive development of
breast cancer and TNBC in African-ancestry women is suggested to be caused by an
increased population of cancer stem cells, an inflammatory environment, increased
angiogenesis, epithelial cell proliferation and genomic instability.

45






Chapter Il

Rationale and specific
aims






CHAPTER Il - Rationale and specific aims

Breast cancer (BC) is the most common cancer worldwide and the fifth most deadly (Sung et al.,
2021). BCs form a heterogeneous group of tumors, which are characterized by a wide range of clinical,
pathologic, and molecular features. This wide spectrum of factors accounts for variations in response
to therapy and outcomes among patients. The expression of estrogen receptor (ER), progesterone
receptor (PR) and Human Epidermal Growth Factor Receptor 2 (HER2), the current conventional BC
biomarkers which are assessed through immunohistochemistry (IHC), is a major determinant of
patients prognosis and therapy (Henry et al., 2020). BCs presenting hormone receptor expression (ER
and PR) or HER2 expression or amplification have specific treatments, hence the better prognosis of
such patients. Nonetheless, triple-negative breast cancer (TNBC), lacking the conventional molecular
targets ER, PR, and HER2 expression, is “negatively defined”. Being a remarkably inter- and intra-
heterogeneous BC subtype and due to the absence of specific treatments, TNBC is considered one of
the most relevant unmet medical problems in BC care and women with this BC subtype have worse
outcome compared to other BC patients (Masuda and Masuda, 2016; Schmadeka et al., 2014).
Epidemiologically, TNBC is estimated to account for 10-20% of BC cases worldwide (P Boyle, 2012).
However, there is evidence that TNBC prevalence is higher in African-ancestry women, particularly in
younger patients (Carey et al., 2006; Huo et al., 2017; Lund et al., 2009). Furthermore, African-ancestry
patients present a faster and more aggressive clinical course of TNBC, independent of other risk factors
for BC (Stead et al., 2009) and having into account socioeconomic factors when comparing with other
ethnicities (Keenan et al., 2015). Thus, it is crucial to identify molecular regulators and altered signaling
pathways that are potentially involved in the higher incidence and development of aggressive TNBC in
African-ancestry women. Such knowledge may lead to the development of models that specifically
capture the risk of African-ancestry women for TNBC, increase the access to effective early detection
and leading to the implementation of health policies that will improve the outcome and life quality of
these patients

Thus, this PhD thesis aims to contribute to unveiling ancestry-associated molecular regulators
and signaling pathways involved in the observed discrepancies regarding the higher incidence and
aggressiveness of TNBC in African-ancestry women. Specifically, we intended to:

1) Identify differentially expressed genes in TNBC cases from African-ancestry patients,
comparing with matching White patients.

Here we performed differential gene expression analysis (DGEA), using RNA-sequencing (RNA-
seq) data available in the public American data base The Cancer Genome Atlas (TCGA), between TNBCs
from African-ancestry and White patients.

DGEA was performed comparing all TNBC patients from both ancestries. Furthermore, given the
reportedly premenopausal status and younger age of incidence of TNBC in African-ancestry patients
(Carey et al., 2006; Huo et al., 2009; Lund et al., 2009; Zaky et al., 2009), and the fact that the expression
profile between African-ancestry and White patients is described as being more distant throughout
the increased staging of BC disease (Stewart et al., 2013), we also grouped TNBC patients to normalize
the DGEA according to menopause status and/or pathological stage of the disease.

Additionally, we also performed DGEA using RNA-seq data from normal breast tissue between
African-ancestry and White cases, in order to exclude differentially expressed genes (DEG) that are
normally associated with patient’s ancestry. Also, we also compared the expression profile of TNBCs

49



CHAPTER Il - Rationale and specific aims

and normal breast tissues from African-ancestry women, to identify gene expression alterations that
the breast tissue acquires in order to develop TNBC in this group of patients.

2) Identification of differential signaling pathways and key molecular regulators in African-
ancestry patients with TNBC

To shed some light on interesting altered signaling pathways and molecular mechanisms, as well
as to identify key molecules involved in the regulation of altered networks, with potential prognostic
and/or therapeutic impact specific of TNBC in African-ancestry patients comparing with White
patients, the following analyses were performed using as input the complete gene lists obtained from
DGEA results:

- Gene set enrichment analysis (GSEA) was performed using collections of diseases and
pathways from Kyoto Encyclopedia of Genes and Genomes (KEGG), a curated database of
molecular pathways and disease signatures (Kanehisa et al., 2017, 2016; Kanehisa and Goto,
2000), in order to identify which signaling pathways and cellular mechanisms are more altered
in TNBCs from African-ancestry patients;

- Ingenuity Pathway Analysis (IPA)’s core analysis, in which we focused on the network design
to aid visualize in what way the DEG interact and which genes have central roles in the most
altered networks identified in African-ancestry patients diagnosed with TNBC.

Together with DGEA results, the essential clues given by GSEA and IPA’s network design
contributed to the selection of candidates for further validation in TNBC samples from African-ancestry
patients.

3) Validation of candidate genes in TNBC samples

To validate the selected candidate genes in TNBC samples, we stablished a collaboration with
Hospital Professor Doutor Fernando Fonseca (HFF), a suburban hospital in Lisbon and whose
catchment area has one of the higher percentages of migrants from the former Portuguese colonies
in Africa. Specifically, we obtained a collection of formalin-fixed paraffin-embed (FFPE) TNBC tissue,
from both African-ancestry and White patients, as well as the respective clinicopathological data.

Selected candidate genes were then validated through protein expression analysis performed
by IHC. Protein expression was quantified and compared between the two groups of patients, as well
as with its respective gene expression obtained from the DGEA with TCGA patients.

Altogether, we identified potential ancestry-associated candidates in TNBCs from African-
ancestry patients, as will be shown and discussed in Chapters IV and V, which may have important
implications in improving the prognosis, treatment and overall life quality of African-ancestry patients
diagnosed with TNBC.
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In order to find specific differentially expressed molecules in African-ancestry patients with
TNBC, comparing with matching White patients, that may justify the aggressiveness and early onset of
this disease in the African-ancestry women, this work will be divided in the following two main analysis
(Figure 1):

- Computational analysis, in which the main study involved data from RNA-sequencing (RNA-
seq) and respective clinical information from 52 African-American (AA) and 90 White patients with
TNBC. To ascertain if the observed findings are not due to normal differences associated with patient’s
ancestry, we also analyzed the RNA-seq data from normal tissue adjacent to breast cancer from 6 AA
patients and 105 White patients. The data was retrieved from the American data base The Cancer
Genome Atlas (TCGA). Patients were diagnosed between 1998 and 2013, and clinical information was
submitted to the TCGA between August 2010 and March 2015.

- Validation of results using clinical samples. This analysis included samples of formalin-fixed
paraffin embed (FFPE) TNBC tissue from 12 African-ancestry patients and 11 White patients, diagnosed
between January 2012 and August 2018, collected in a Portuguese hospital.
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1. Computational Analysis Expressed 2. Clinical Samples
TNBC from AA patients (52) vs Molecules TMBC from African-ancestry
TMNBC from White patients (90) patients (12) vs
+ TMBC from White patients (11)

Mormal-adjacent tissuefrom AA
patients (6] vs
Mormal-adjacente+tissue from White
patients (105)

Figure 13 Simplified design of the methodology of the project, involving two main analysis from two distinct
groups of patients, in order to identify differentially expressed molecules specific of TNBC of African-origin
patients comparing with White patients. 1. Computational analysis — includes RNA-sequencing and clinic-
pathological information of 52 AA patients and 90 White patients with TNBC retrieved from TCGA. Additionally,
to ascertain if the findings observed in the group of TNBC patients are not due to normal differences associated
with patient’s ancestry, we also analyzed RNA-sequencing data from normal tissue adjacent to breast cancer of
6 AA patients and 105 White patients. 2. Clinical samples —includes samples from formalin-fixed paraffin embed
TNBC tissue from 12 African-origin patients and 11 White patients. TCGA The Cancer Genome Atlas. AA African-
American.
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1. COMPUTATIONAL ANALYSIS

Breast cancer (BC) data, including patients’ clinic and transcriptomic information, was collected
from The Cancer Genome Atlas (TCGA, https://www.cancer.gov/tcga) and used for the computational

analysis.

R version 3.6.0 was used for all the bioinformatic analysis. TCGAbiolinks (Colaprico et al., 2016;
Mounir et al., 2019), a package from Bioconductor (Silva et al., 2016), was used to query and download
harmonized data from TCGA (as of March 6, 2019). Harmonized database consists in all available data
being harmonized against GRCh38 (hg38) (Schneider et al., 2017) using Genomic Data Commons (GDC)
Bioinformatics Pipelines, which provide methods to the standardization of biospecimen and clinical
data.

1.1. The Cancer Genome Atlas

TCGA is a public funded project that aims to catalogue and discover major cancer-causing
genomic alterations, being a comprehensive “atlas” of cancer genomic profiles. TCGA molecularly
characterized over 20 000 primary cancer and matched normal samples spanning 33 human cancer
types through large-scale genome sequencing and integrated multi-dimensional analyses. Patients’
genomic profiles include mutations, copy number variations, gene expression, DNA methylation and
proteins  profiling, as well as pathology slides and full clinical information
(https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga, last

consulted on March 20, 2021) (Tomczak et al., 2015). To our best knowledge, there is currently no
equivalent to this resource with so many “omics” data for so many patients and with so much clinical
information.

TCGA Research Network involves several cooperating centers responsible for the collection and
sample processing, followed by high-throughput sequencing and sophisticated bioinformatics data
analyses. Firstly, biospecimens such as blood or tissue are collected from eligible cancer patients in
different USA-based Tissue Source Sites (TSSs) which then deliver the samples to the Biospecimen Core
Resource, which is the laboratory and biorepository responsible for cataloging, process, and verify the
quality and quantity of the samples. Then, the Biospecimen Core Resource lab submits the clinical data
and metadata to the Data Coordinating Center, which standardizes data formats, validates submitted
data and provides the molecular analytes to Genome Characterization Centers and to Genome
Sequencing Centers for further genomic characterization and high-throughput sequencing. The
sequence-related data are then deposited in the Data Coordinating Center and the generated genomic
data is made available to the research community (Tomczak et al., 2015).

Remarkably, TCGA data is completely free and is available in the National Cancer Institute (NCI)
research program Genomic Data Commons (GDCQ) public data repository
(https://portal.gdc.cancer.gov/) (Grossman et al., 2016). GDC is an oncology data sharing platform in

which the different data sets and genomic information can be submitted by different institutes and
entities in the USA and harmonized so that the data can be directly compared.

Systematic advances in cancer genomics provided by TCGA have revealed a new comprehensive
picture of the molecular biology of cancer. The application of sophisticated high-throughput
technology together with well-developed bioinformatics tools has contributed to highlight the
similarities and differences in the genomic architecture of each cancer and across multiple types. This
huge source of knowledge about cancer genetic and epigenetic profiles, has allowed the highlight of
candidate cancer biomarkers and drug targets, with impact in patients prognosis and life quality.
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1.2. RNA-sequencing and clinical data

1.2.1. RNA-sequencing data

TCGA data, including RNA-seq data, must be “harmonized” according to the current human
reference genome (hg38). Essentially, ““data harmonization” is the process of bringing together data
from multiples sources and ensuring uniform and consistent processes, including mapping the data to
a common data model, such as the current human reference genome (hg38) (Lee et al., 2018). This
process is performed by GDC’s bioinformatic team. RNA-seq data is submitted by TCGA Data
Coordinating Center to GDC in BAM or FASTQ format. Briefly, the GDC pipeline regarding the RNA-seq
alignment workflow consists in quantifying gene expression based on the number of reads that align
to each gene, in which a “two-pass” sequencing method is used. Firstly, the RNA-seq reads are aligned
to the current human reference genome (hg38) to detect splice junctions and, secondly, a second
alignment is made using the information from splice junctions to increase the quality of the alignment.
Finally, read counts are measured on a gene level using the Python package HTSeq (Anders et al., 2015)
(https://docs.gdc.cancer.gov/Data/Bioinformatics Pipelines/Expression mRNA Pipeline/, last
consulted on March 20, 2021), and the “harmonized” data is made available for download.

RNA-seq data from “Primary solid Tumor” was retrieved from “TCGA-BRCA” project, the BC
project, being the data category “Transcriptome Profiling” and the data type and workflow type “Gene
Expression Quantification” and “HTSeq - Counts”, respectively.

> library(TCGAbiolinks)
> Query <- GDCquery(project = "TCGA-BRCA",
data.category = "Transcriptome Profiling",
data.type = "Gene Expression Quantification",
workflow.type = "HTSeq - Counts",
sample.type = "Primary solid Tumor")
> GDCdownload(Query)
> Expression <- GDCprepare(Query, summarizedExperiment = FALSE)

The RNA-seq data, in a matrix format, consisted in 1102 patients’ samples and 60483 genomic
features with Ensembl (Hunt et al., 2018) identifier. Thereafter, the RNA-seq data matrix will be
referred as the Expression matrix.

1.1.2. Clinical data

“TCGA-BRCA” project’s “Clinical” data category includes the list of patients and their respective
metadata, such as patient’s ancestry/race, hormone receptor status, age at initial diagnosis,
menopause status, pathological stage of the disease and patients’ follow up.

> Clinical <- GDCquery(project = "TCGA-BRCA",
data.category = "Clinical",

file.type = "xml")
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> GDCdownload(Clinical)
> Patients <- GDCprepare_clinic(Clinical, clinical.info = "patient")

Patients were separated by ancestry, “Black or African American” or “White”, and according to
hormone receptor status and HER2 amplification. Patients were considered to have TNBC if they met
the following conditions: “Negative” receptor statuses for estrogen and progesterone; “Negative” or
“Equivocal” HER2 status determined by immunohistochemistry (IHC); in the case of HER2 status
determined by IHC being “Equivocal”, the in situ hybridization must be “Negative”; IHC level of HER2
is not “+3”. Patients were considered hormone receptor positive if they are “Positive” for estrogen
receptor or progesterone receptor, and considered HER2 positive if they were “Positive” in IHC or in
situ hybridization and “Negative” for estrogen and progesterone receptors.

Patients appearing in the Clinical data matrix in duplicate, i.e. patients with more than one
sample, and patients without corresponding RNA-seq data were removed from the analysis.

Other downloaded clinical information includes patients’ follow up, treatments (drugs and
radiation), staging and new tumor event information.

> Follow_Up <- GDCprepare_clinic(Clinical, clinical.info = "follow up")

1.1.3. TCGA barcode

The TCGA barcode is the primary identifier of a biospecimen data. The TCGA barcodes in the
Expression and Clinical data matrices are different and is important to create matching TCGA barcodes
that will serve as a link between both matrices for further analysis.

The barcodes in the Clinical data matrix only include information regarding the TCGA project,
the tissue source site and the patient code, whereas the barcodes in the Expression matrix also contain
bench working information, such as sample, vial, portion, analyte, plate and center (Figure 14). Thus,
we removed part of the TCGA barcodes of the Expression matrix, in order to create a matching patient
barcode with the Clinical data matrix.

Patient barcode  Sample F‘Dr:oﬂ Plate
TCGA-02-0001-01C-01D-0182-01

T A v v v
Project TS5  Participant Vial Analyte Centre

Figure 14 Example of a TCGA barcode. Project - Project name. TSS - Tissue source site. Participant - Study
participant. Sample - Sample type, e.g. solid tumor. Vial - Order of sample in a sequence of samples in
alphabetical order. Portion - Order of portion in a sequence of 100 - 120 mg sample portions. Analyte -
Molecular type of analyte for analysis, e.g. D for DNA sample. Plate - Order of plate in a sequence of 96-
well plates. Centre - Sequencing or characterization center that will receive the aliquot for analysis.

1.1.4. Survival curves and differences between the populations

Wilcoxon Rank-Sum (Mann-Whitney U or Wilcoxon-Mann-Whitney) test with continuity
correction was used to compare age of diagnosis and months of survival after diagnosis between AA
and White TNBC patients. This procedure was performed using wilcox.test() function in R environment.
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Pearson's Chi-squared test with Yates' continuity correction was used to test for statistically significant
differences between the percentage of patients of each ancestry regarding BC subtype, clinical stage
and menopause status. These tests were performed in R environment using chisq.test() function.

The packages survival (Therneau, 1999) and survminer (Kassambara et al., 2019) were used to
draw and test for statistically significant differences regarding the time of survival after diagnosis
between AA and White TNBC patients according to the clinical stage and menopause status.

P-values < 0.05 were considered statistically significant.

1.3. Differential Gene Expression Analysis

Differential gene expression analysis (DGEA) consists in taking the normalized read count data
and performing statistical analysis to identify quantitative changes in expression levels between
experimental groups. For a given gene, a statistical test is used to decide whether an observed
difference in read counts is significant, that is, if it is greater than what would be expected just due to
natural random variation. In other words, the null hypothesis is that, for a given gene, the mean
expression between two groups is the same.

Although the procedure of choosing a random location in the genome to produce a read is a
Poisson process, in the sense that a plot of the depth of the sequence along the genome would have
a Poisson distribution, data from real genomes are not so simple. Not only genomes have biases in
their composition, such as chemistry of sequencing, assembly errors in the reference genome or
inability to map to some repetitive regions, as, in the case of RNA-seq, the reads come from the
transcriptome. Since not only some transcripts are present at higher abundance than others, as well
as the fact that there is variation between the replicates (different patients, in this case), the Poisson
assumption will tend to underestimate the variance and any differentially expressed gene (DEG) will
be overstated. For that reason, most procedures for identification of DEG choose a negative binomial
model over Poisson since, in real biological applications, there is more variability than the Poisson
model can explain.

1.3.1. edgeR package for differential gene expression analysis

edgeR (Robinson et al., 2009a) is a Bioconductor software package that performs differential
abundance analysis for pre-defined genomic features. Thereafter, for simplicity, those genomic
features will be referred as “genes” and its abundance as gene expression, although they could also be
exons, genomic intervals or some other type of feature.

RNA-seq data input for edgeR must be in counts format, i.e., without any normalization after
the alignment of the raw sequence reads to a reference genome, specifically, hg38. This was previously
performed by the GDC team (Section 1.2.1.).

edgeR models RNA-seq count data using a negative binomial model, to account for both
biological and technical variability. Also, edgeR uses empirical Bayes methods to moderate the degree
of overdispersion across genes, allowing the estimation of gene-specific biological variation even for
experiments with minimal levels of biological replication (Casella, 1992; Robinson and Smyth, 2007).
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edgeR also provides functions to plot results throughout DGEA. This allows for quality control,
checking model hypotheses, and track of the whole analysis process.

1.3.1.1. glm edgeR for multigroup experiments

One of the aims of this project is not only to disclose differences in gene expression levels
between African-ancestry and White TNBC patients, but also to identify differences according to
patient’s menopause status/age and pathological stage of the disease. Those differences may not only
help in understanding the aggressiveness and early onset of TNBC in African-ancestry patients, as it
may also have potential impact in patients’ treatment and outcome. For that reason, different groups
of patients from both ancestries were compared.

Generalized linear model (GLM) methods edgeR (McCarthy et al., 2012), or “glm edgeR”, uses
glm-based statistical methods and it is suitable for multifactor analysis, as it offers more flexibility. On
the other hand, “classic edgeR” uses exact tests and it is more adequate to two group only
comparisons. GLM methods are an extension of classical linear models to non-normally distributed
response data (Nelder and Wedderburn, 1972) and specify probability distributions according to their
mean-variance relationship.

There are two testing methods under the glm framework: likelihood ratio test and quasi-
likelihood F-test. Whereas the likelihood ratio test can be useful in some special cases such as single
cell RNA-seq and datasets with no replicates, the quasi-likelihood method, used in the DGEA of this
project, is highly recommended for a greater amount of RNA-seq data as it gives stricter error rate
control by accounting for the uncertainty in dispersion estimation.

1.3.1.1.1. Contrasts

In the context of a glm edgeR analysis, “contrast” is a pairwise comparison between groups. For
the study of ancestry-associated gene expression differences between African-American (AA) TNBC
patients and White TNBC patients, the following groups of patients were compared: 1) all AA patients
vs all White patients; 2) Menopause status-matched comparison, not having into account disease stage
(Table 6); 3) Pathological stage-matched comparison, independently of patients’ menopause status
(Table 7); and 4) Both menopause status and pathological stage-matched comparison (Table 8).

Table 6 Table of contrasts involving groups of patients of
different ancestry discriminated by menopause status,
independently if pathological stage. BC Breast cancer. AA
African-American.

Ancestry BC Menopause # Patients

AA TNBC Pre- 9
Post- 32

White TNBC Pre- 28
Post- 55
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Table 7 Table of contrasts involving groups of patients of
different ancestry discriminated by pathological stage of the
disease, independently of menopause status. BC Breast cancer.
AA African-American.

Ancestry BC Stage # Patients

| 9

AA TNBC I 32

1] 10

| 19

White TNBC I 55

1] 11

Table 8 Table of contrasts involving groups of patients of
different ancestry discriminated by both menopause status and
pathological stage of the disease. BC Breast cancer. AA African-
American.

Ancestry BC Menopause Stage # Patients

| 2
AA TNBC Pre- Il 5

1] 2

| 3
AA TNBC Post- Il 22

1] 7

| 7
White TNBC Pre- Il 17

1] 4

| 11
White TNBC Post- 1l 36

1] 6

1.3.1.1.2. Gene identifier

TCGA’s genomic features in the Expression matrix are identified through an Ensembl Gene
identifier (ID). edgeR’s guidelines (Chen et al., 2018) recommend using Entrez Gene IDs for each gene
as row names of the input Expression matrix. Therefore, biomaRt package (Durinck et al., 2009, 2005)
was used to convert human Ensembl IDs into Entrez IDs. Genes without annotation of Entrez Gene ID
or in duplicate were removed from the analysis.

> library(biomaRt)

> mart <- useMart(biomart = "ENSEMBL_MART_ENSEMBL",
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dataset = "hsapiens_gene_ensembl",
host = "uswest.ensembl.org")
> ensl <- as.character(ExpressionSEnsemblID_column)
[1] "ENSG00000100601.2" "ENSG00000178826.13" "ENSG00000243663"
# Remove the version of the Ensembl IDs
> ens <- gsub("\\.\\d+S", "", ens1)
[1] "ENSG00000100601" "ENSG00000178826" "ENSG00000243663"
> annot <- getBM(mart = mart,
attributes = c("ensembl_gene_id", "entrezgene_id", "external_gene_name"),
filter = "ensembl_gene_id", values = ens, uniqueRows = TRUE)
> annot <- data.frame(
ens[match(annotSensembl_gene_id, ens)], annot)
> colnames(annot) <- ¢("original_id",
c("ensembl_gene_id", "entrezgene_id", "external_gene_name"))
> Expressionl <- Expression
colnames(expression1)[1] <- "original_id"

Expression <- merge(annot, Expressionl, by = "original _id")

1.3.1.1.3. DGEList data

The first step to perform a DGEA using glm edgeR is to create a list-based data object called a

DGEList. The DGEList object contains 1) the Expression matrix, with the integer counts, in which each

row is a gene and each column corresponds to a library/patient and 2) the data frame with the patients’

list and variables in study, namely ancestry, menopause status and pathological stage of the disease,

where to each group of patients with the same variables is assigned a letter (Table 9). List of patients

in both counts and target matrices must be the same and have the same order. For each of the four
analyzed groups of patients (section 1.3.1.1.1.) a different DGEList was created, keeping the same
Expression matrix.

> library(edgeR)

> group <- factor(targetsSGroup)

> DGEList <- DGEList(counts = counts, group = targetsSGroup)
# Creating the barplot with the library sizes:

> barplot(DGEListSsamplesSlib.size*1e-6, names=1:122, ylab="Library size (millions)",  xlab =

"Patients")
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Table 9 Example of the design of a target data frame in a DGEList. BC Breast
cancer. AA African-American.

Patient Ancestry BC Menopause Stage Group
TCGA-XX-0001 AA TNBC Pre- Stage | A
TCGA-XX-0002 AA TNBC Pre- Stage Il B
TCGA-XX-0003 AA TNBC Pre- Stage Il C
TCGA-XX-0004 AA TNBC Post- Stage | D
TCGA-XX-0005 AA TNBC Post- Stage Il E
TCGA-XX-0006 AA TNBC Post- Stage Il F
TCGA-XX-0007 White TNBC Pre- Stage | G
TCGA-XX-0008 White TNBC Pre- Stage Il H
TCGA-XX-0009 White TNBC Pre- Stage Il I
TCGA-XX-0010 White TNBC Post- Stage | J
TCGA-XX-0011 White TNBC Post- Stage Il K
TCGA-XX-0012 White TNBC Post- Stage Il L

1.3.1.1.4. Filtering

Genes with very low counts across all libraries were filtered out prior to further analysis. Genes
with very low counts across libraries not only provide few evidences for differential expression as they
may impair some statistical approximations.

Filtering was performed using counts-per-million (CPM) as unit. As a rule of thumb, edgeR
authors consider that a gene should have at least 10 CPM in at least some libraries before it is
considered to be expressed in the study (Chen et al., 2016). Also, to ensure that a gene is retained if it
is expressed in the libraries belonging to the group with less patients (Chen et al., 2016), which, in this
case, are the groups of premenopausal stage | and stage Il AA patients (Table 8), with 2 patients each,
we applied a filtering threshold of at least 10 CPM in at least two or more libraries to ensure the
retention of a gene in the analysis. The library sizes of the DGEList were then recalculated.

> keep <- rowSums(cpm(DGEListw) > 10) >= 2
> DGEList <- DGEList[keep, , keep.lib.sizes = FALSE]

To standardize the procedure, this filtering requirement was used in all DGEA.

1.3.1.1.5. Normalization

edgeR performs differential expression analysis rather than quantification of expression levels.
In other words, edgeR focuses on relative changes in expression levels between conditions, but not
directly in estimating absolute expression levels. This rationale takes out some weight of the technical
influences, since technical factors that are unrelated to the experimental conditions should cancel out
of any differential expression analysis. Thus, technical factors such as the number of read counts, which
are influenced by gene length, or GC-content of each gene, do not need to be adjusted by edgeR,
because gene length has the same relative influence on the read counts in each RNA sample.
Therefore, normalization issues arise only to the extent that technical factors have sample-specific
effects.
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One of such technical factors is the sequencing depth of the RNA samples, which affects the
number of read counts. However, edgeR’s modelling procedure can adjust any differential expression
result that may arise due to different sequencing depths, as represented by differing library sizes, with
automatic impact in fold-change (FC) and p-value calculations. This normalization does not require any
user intervention.

Another important sample-specific technical factor to be adjusted is the RNA abundance in each
sample. RNA-seq measures the relative abundance of each gene in each RNA sample but does not
supply any information of the total amount of RNA on a per-cell basis. This is particularly important
when few genes are highly expressed in one sample but not in the others. In this situation, the highly
expressed genes may consume a considerable proportion of the total library size, causing the
remaining genes to be under-sampled and making them appear as falsely downregulated. For that
reason, in edgeR, normalization takes the form of correction factors that take part of the statistical
model. calcNormFactors() function was used to normalize RNA composition between each pair of
samples. This normalization function uses a Trimmed mean of M-values (TMM) (Robinson and Oshlack,
2010), between each pair of samples, normalizing the RNA composition by finding a set of
normalization factors for the library sizes in order to minimize the log-FC between samples for most
genes. The TMM normalization is recommended when the majority of the genes are believed not
differentially expressed between any pair of samples.

> DGEList <- calcNormFactors(DGEList)

A normalization factor below one shows that a small number of high counts’ genes were
monopolizing the sequencing, causing the counts for other genes to be lower than would be usual
given that library size. Thus, such library sizes were scaled down, analogous to scaling up the counts in
that library. Similarly, a factor above one scales up the library sizes, analogous to downscaling the
counts. For example, in Table 10, the group A patients have low normalization factors. This is a sign
that these samples contain a number of very highly upregulated genes.

Accordingly, the effective library size, which is the product of the original library size and the
normalization factor, replaced the original library size for each patient in all further analyses. Thus, the
expected size of each count is the product of the effective library size and the relative abundance of
that gene in that patient.

Table 10 Example of normalizing factors generated to each
sample by the calcNormFactors function. lib.size library size.
norm.factors normalization factors.

Samples Group lib.size norm.factors
TCGA-XX-0001 A 54424136 0.8016286
TCGA-XX-0002 A 44791118 0.9828032
TCGA-XX-0003 B 55903336 1.1615748
TCGA-XX-0004 B 65019567 1.0636690
TCGA-XX-0005 B 70349592 1.0947037
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1.3.1.1.6. Data Exploration

Differences between groups were explored by generating multi-dimensional scaling (MDS) plots.
MDS plots of the RNA-seq samples represent the distances correspond to leading log-fold-changes
between each pair of samples. Thus, MDS plots allow the visualization of the differences between the
expression profiles of different samples in two dimensions. In fact, this plot can be viewed as a type of
unsupervised clustering. Hence, if patients from the same group cluster together in the plot, and
patients from different groups form separate clusters, it shows that the differences between groups
are larger than those within groups, i.e., differential expression is greater than the variance and can be
detected.

> group <- targetsSGroup
> points <- ¢(15, 16)
> colors <- c¢("blue", "red"))
> plotMDS(DGEList, col = colors[group],
pch = points[group],
xlim = c(-2.5, 4.5), ylim = ¢(-3, 3))
> legend("topright", legend = c("AA", "White"),

pch = points, col = colors, ncol =1, cex = 1)

1.3.1.1.7. Design matrix

The glm approach needs a design matrix to describe groups of samples in the analysis. In order
to define a coefficient for the expression level of each group, the following arguments were used with
the model.matrix function:

> design <- model.matrix(~ O + group, data = DGEListSsamples)
> colnames(design) <- levels(group)

The 0+ in the model formula is an instruction not to include an intercept column and instead to
include a column for each group (Table 11). With this model, each group of patients may be compared
with any other different group of patients from the same analysis.

Table 11 Example of the design of a model matrix in the gIm
edgeR approach. In this example, there are 5 groups of
patients and each patient belongs to a different group.

A B CDE
TCGA-XX-0001 1 0 O O O
TCGA-XX-0002 0 1 0 O O
TCGA-XX-0003 0 0 1 0 O
TCGA-XX-0004 0 0 0 1 O
TCGA-XX-0005 0 0 0 0 1
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1.3.1.1.8. Technical and Biological Coefficient of Variation

Two levels of variation can be distinguished in any RNA-seq experiment. One of them is the
measurement error, which is the uncertainty with which the abundance of each gene in each sample
is estimated by the sequencing technology. The other is the relative abundance of each gene, which
will vary between RNA samples due to biological causes. With these two main sources of variation,
technical and biological, there are two coefficients of variation (CV).

Technical CV (TCV) is denoted as (the standard deviation divided by the mean of) the fraction of
all cDNA fragments generated from each gene from each sample from the same group. Biological CV
(BCV) is the CV with which the unknown true abundance of a gene varies between RNA samples from
the same group. If sequencing dept could be increased indefinitely, BCV would remain between
replicates, while the TCV would decrease since the size of the counts would increase. As consequence,
BCV is the main source of uncertainty for high-count genes. Authors assume that, although edgeR’s
pipeline focus on BCV, strictly speaking, edgeR’s BCV is not just covering for the true biological variation
between samples as, ultimately, also includes other sources of the inter-library variation, namely
technical issues such as library assemble (Chen et al., 2018).

edgeR authors also recognize that the magnitude of BCV is more important than the exact
probabilistic law followed by the true gene abundances. However, for mathematical convenience,
edgeR assumes that the true gene abundances follow a gamma distributional law between RNA
samples from the same group. This implies that the read counts follow a negative binomial probability
law, as previously mentioned (Section 1.3.)(Chen et al., 2018).

BCV is the square root of the dispersion parameter under the negative binomial model. All genes
have the same mean-variance relationship when considering the parallel nature of sequencing data,
including the ensemble of genes. In other words, under this more simplistic model, the dispersion is
the same for all the genes and it is defined as “common dispersion” (Chen et al., 2018; Robinson and
Smyth, 2008). Thus, since the common dispersion is the "squared BCV”, the higher the estimate of the
common dispersion, the higher will be the variability between replicates. This is what happens in a
DGEA of human samples, which have a huge genetic variability compared to other animal models and
cell lines.

However, gene expression levels have a dependent and non-identical distribution between
genes. Thus, edgeR also includes a more general approach which allows gene-wise variance functions
with empirical Bayes moderation (Robinson and Smyth, 2007). With the gene-wise dispersion, the
more consistent genes between samples of the same group will be ranked more highly than genes that
are not. Thus, the DGEA will not be driven by outliers.

Particularly, in the case of gim edgeR, which is the most adequate approach for multi-factor
testing (Section 1.3.1.1.), edgeR uses the Cox-Reid profile-adjusted likelihood (CR)(Cox and Reid, 1987)
method to estimate dispersions. The CR method deals with multiple factors by fitting GLMs within the
design matrix (Section 1.3.1.1.6.). All systematic sources of variation are accounted for, allowing a valid
estimation of the dispersion. The CR method can be used to calculate a common dispersion for all the
genes, trended dispersion depending on the gene expression abundance, or separate dispersions for
individual genes.
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The common dispersion for all genes and the trended and gene-wise dispersion for each gene
were estimated in one run, with estimateDisp() function. In this project, we focused on the gene-wise
dispersion approach, since it is strongly recommended in multi-factor experiment cases (Chen et al.,
2018).

> DGEList <- estimateDisp(DGEList, design, robust = TRUE)

> plotBCV(DGEList)

1.3.1.1.9. Testing for differentially expressed genes

After estimating the dispersion, the next step was to fit the negative binomial GLM, before
proceeding with the DGEA. Given raw counts, negative binomial dispersion(s) and a design matrix,
glmQLFit() fitted the negative binomial GLM for each gene and produced an object of class DGEGLM
with some new components.

> fit <- glmQLFit(DGEList, design, robust = TRUE)
> plotQLDisp(fit)

Quasi-likelihood F (QLF)-test for determining differential expression is recommended in the
context of glm framework, since it reflects the uncertainty in estimating the dispersion for each gene.
It supplies more robust and reliable error rate control when the number of samples in a group is small.

QLF-test identifies differential expression based on statistical significance regardless of how
small the difference might be and, although a combination of choosing a p-value and FC cut-off are
customary, it is an ad hoc procedure that may be favoring lowly expressed but highly variable genes
and destroying the control of false discovery rate (FDR). For that reason, instead of giImQLFTest(),
glmTreat() function was used to test for differential expression. This approach is similar to t-tests
relative to a threshold method (TREAT) (Mccarthy and Smyth, 2009). Under the gim edgeR framework,
this function implements a statistical test for thresholded hypotheses through a given FC (or log,FC).
As an argument, a logy(1.2) was used for all DGEA. The DGEA results can be visualized using an MD
plot, in which the log-FC change for each gene is plotted against the average abundance, i.e., logCPM.

> contrast <- makeContrasts(A - B, levels = design)

> treat <- glmTreat(fit, contrast = contrast, Ifc = log2(1.2))

> plotMD(treat, cex = 0.5, main ="AA TNBC vs White TNBC")
> abline(h =¢(-1, 0, 1), lty = 2)

This FC threshold, called in the gimTreat() function, is not the minimum value of FC expected to
see in results. Instead, genes will need to exceed this threshold before being considered statistically
significant. Hence, this threshold should be considered as “the FC below which the gene is not
interesting" rather than “the FC above which the gene is interesting".

For each contrast (Section 1.3.1.1.1.), genes were then ranked in order of evidence for
differential expression, based on the FDR estimated for each gene.
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1.3.1.1.10. Converting Entrez Gene IDs in gene symbols

The lists of differentially expressed genes have their identifiers in Entrez Gene ID format, since
that was the format used in the Expression matrix. However, since it is routinely more intuitive to
identify genes through a gene symbol, the Entrez Gene IDs were converted using the Bioconductor
package org.Hs.eg.db (Carlson M, 2019), which contains genome wide annotation for Human genes,
primarily based on mapping using Entrez Gene IDs.

1.3.1.1.10. Converting Entrez Gene IDs in gene symbols

The lists of differentially expressed genes have their identifiers in Entrez Gene ID format, since
that was the format used in the Expression matrix. However, since it is routinely more intuitive to
identify genes through a gene symbol, the Entrez Gene IDs were converted using the Bioconductor
package org.Hs.eg.db (Carlson M, 2019), which contains genome wide annotation for Human genes,
primarily based on mapping using Entrez Gene IDs.

1.3.1.1.11. Heat maps

Heat maps were design using heatmap.2() function from gplots package (Warnes et al., 2020).
Heat maps help displaying the expression pattern of the genes across all patients either in a specific
order of genes or through gene or patient clustering. This procedure was performed only for contrasts
with 10 or more significantly DEG.

1.3.1.1.12. UpSet plot

UpSetR package (Conway et al., 2017) was used to help identifying the number of DEG in
common between different contrasts and to design an UpSet plot representing those results.
Essentially, the UpSet plot provides a way to visualize intersections of multiple sets compared to the
traditional approaches, such as the Venn Diagram.

1.3.1.1.13. Differential gene expression analysis using RNA-sequencing data from

normal breast tissue

To understand if the ancestry-associated differences observed regarding gene expression in
TNBC are due to the disease or due to expected populational differences, glm edgeR analysis was also
performed using RNA-seq data from normal-adjacent breast cancer tissue from TCGA patients. This
analysis involved 6 RNA-seq samples from AA patients and 105 RNA-seq samples from White patients.
The analysis was performed using the same parameters as in with the TNBC patients (Section 1.3.1.1).
Information about the normal-adjacent breast cancer cohort can be consulted in Supplementary -
Patients eTable 2.

Furthermore, a gIm edgeR analysis was also performed to compare RNA-seq data from normal-
adjacent breast cancer tissues of AA patients (6) and the RNA-seq data from TNBC of AA patients (52)
with the aim of finding potential DEG involved in TNBC progression in African-ancestry patients.
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1.4. Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was used to interpret DGEA results in a biological context.
Specifically, GSEA was performed to identify differential signaling pathways and molecular and cellular
mechanisms between AA and White TNBC patients.

edgeR offers different types of gene set tests for RNA-seq data, where the previously created
fitted DGEList objects can be directly tested. Kyoto Encyclopedia of Genes and Genomes (KEGG,
https://www.genome.jp/kegg/) was chosen to help getting biologically meaningful interpretations of
the DGEA results. KEGG is a curated resource for understanding the high-level functions and utilities
of the biological system, such as molecular pathways, cell mechanisms, organism-ecosystem

interactions, disease and health signatures and large-scale molecular datasets generated by genome
sequencing and other high-throughput experimental technologies (Kanehisa et al.,, 2017, 2016;
Kanehisa and Goto, 2000). Particularly, KEGG Pathway is a collection of gene sets manually drawn into
pathway maps representing our knowledge of the molecular interaction, reaction and relation
networks for metabolism, genetic information processing, environmental information processing,
cellular processes, organismal systems, human diseases and drug development.

Each one of the gene sets of the KEGG Pathway database was statistically tested for over-
representation in each gene list generated in the DGEA relative to what is expected by chance. These
statistical tests take into consideration the number of genes detected in the DGEA (FDR < 0.05), their
relative ranking and the number of genes annotated to the collection.

GAGE “Generally Applicable Gene-set Enrichment” Bioconductor package (Luo et al., 2009) was
used to bring KEGG gene sets into the R environment. Entrez Gene ID was supplied for each gene as
row names of the fitted DGEList objects and the species was set as human.

edgeR’s fry() function was used to perform GSEA. fry() is based on the ROAST method (Wu et
al., 2010), which attributes p-values using an infinite number of rotations of the residual space in a
linear model. fry() is able to perform tests for multiple sets, and includes adjustment for multiple
testing. Given a gene set, fry() tests whether the majority of the genes in the set are differentially
expressed in the contrast of interest.

> library(gage)

> human.kegg <- kegg.gsets(species = "human", id.type = "entrez", check.new = TRUE)
> human.gs <- human.keggSkg.sets

> indices <- ids2indices(human.gs, row.names(fit))

> contrast_AB <- makeContrasts(A_B = A - B, levels = design)

> fry_AB <- fry(DGEList, index = indices, design = design, contrast = contrast_AB)

The resulted enriched gene sets for each contrast are then presented in ranked order of FDR,
taking into consideration both up- and downregulated genes in the set (“FDR.mixed”). The output
results also have indication of the net direction, Up or Down, of the gene set in that contrast. However,
more upregulated genes do not necessarily mean that the gene set has a positive net direction, since
downregulated genes, although in small number in that contrast, might have a higher FDR in the DGEA,
having more impact in the FDR of that gene set.
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Gene pleiotropy is expected to influence GSEA. Some gene sets were enriched (FDR < 0.05) even
though they are not relevant in the context of finding pathways potentially involved in ancestry-
associated differences in TNBC incidence and aggressiveness. For that reason, | focused in the enriched
gene sets from specific collections related to pathways that may be altered in cancer or more
expressed in women. Such collections included signal transduction, cellular community - eukaryotes
and cell motility, cell growth and death, cancer: overview, where the BC gene set was included, as well
as the drug resistance - antineoplastic collection, women-specific endocrine system collection gene
sets, and gene sets related to immuno oncology, from the immune system collection.

GAGE was used to call the list of genes in each of the enriched gene sets in order to identify
which genes were differentially expressed in each of those gene sets. org.Hs.eg.db package was used
to transform the Entrez Gene IDs of the DEG of each enriched gene set in gene symbols. ggplot2
(Wickham, 2016) and gridExtra (Auguie, 2015) were used to design the barplots showing the DEG of
the enriched gene sets according to their log,FC.

1.5. Ingenuity Pathway Analysis

Ingenuity Pathway Analysis (IPA, QIAGEN Inc., https://digitalinsights.giagen.com/products-
overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/) software was used to

perform a core analysis of the sets of DEG. Briefly, IPA is an all-in-one, web-based software application
that enables analysis, integration, and understanding of data from gene expression, RNA-seq
experiments, miRNA, and SNP microarrays, as well as metabolomics and proteomics. IPA’s data
analysis and search capabilities help in the biological contextualization and significance of data,
including identification of candidate biomarkers in the context of larger biological systems. Also, the
software is backed by the Ingenuity Knowledge Base, which is a repository of biological interactions
and functional annotations created from millions of individually modeled relationships between
proteins, genes, complexes, cells, tissues, metabolites, drugs, and diseases. All information in the
Ingenuity Knowledge Base is curated from the published literature, being that every gene interaction
is supported by evidence extracted from the underlying publications.

To perform IPA’s core analysis, Ingenuity Knowledge Base (Genes only) was used as reference
to analyze DGEA results, having into account both direct and indirect relationships between genes. As
input, the complete lists of genes and respective FC and FDR obtained from all DGEA with TNBC
patients were used. Since the TREAT method was previously imposed in the differential expression test
(Chapter Ill — Section 1.3.1.1.9.), no additional cut-off was applied to FC. However, a threshold of FDR
< 0.05 was applied to highlight the DEG in a network. The expression analysis was set as the core
analysis type and the experience log ratio as the measurement type. We also set a size constraint of
35 focus molecules per network. In the network analysis, two genes are considered to be connected if
there is a path (a line called edge) in the network between them. The gene or gene products are
referred to as nodes and the intensity of the node color indicates the degree of up- (red) or down-
(green) regulation of a given gene/complex. Nodes are represented with various shapes to distinguish
the functional class of the molecule. Labels on the edges describe the nature of the relationship
between the nodes and genes (Gopurappilly and Bhonde, 2015).

Highly interconnected networks are more likely to represent significant biological function.
Networks are assembled based on gene/molecule connectivity with other gene/molecules and the
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more connected a gene/molecule is, the more influence it has in that network. Such genes/molecules
are called central or core network regulators. Also, the resulting networks are scored and then sorted
based on the score, which is influenced by the number of interactions and FDR and FC of the focus
genes/molecules involved (https://chhe.research.ncsu.edu/wordpress/wp-
content/uploads/2015/10/IPA-Data-Analysis-training-slides-2016 04.pdf, last consulted on March 20,
2021). Thus, in the context of this project, central regulators from highly scored networks are potential

drivers for ancestry-associated biological differences.

2. VALIDATION OF RESULTS USING CLINICAL SAMPLES

To experimentally validate the results obtained through DGEA using a bioinformatic approach,
BC samples were collected from patients with TNBC from Hospital Professor Doutor Fernando Fonseca
(HFF), also known as Hospital Amadora-Sintra. HFF is a suburban hospital of Lisbon whose catchment
area has one of the higher percentages of migrants from the former Portuguese colonies in Africa.

Previously, our group performed a retrospective review of TNBC using data from patients
diagnosed or being followed in HFF (Hondrio et al., 2016). The main aim of that study was to compare
clinical and pathological features and survival between African-ancestry and non-African patients. In
that cohort, with patients diagnosed with BC between 2005 and 2014, 9.3% had TNBC (144 of all
patients diagnosed with BC) and 17 of those patients (12%) were from African-ancestry. Nonetheless,
ancestry is a feature which is not always designated in patients' clinical files, especially in older files.
Thus, quite possibly, the real number of African-ancestry patients diagnosed with TNBC during that
period is higher than 12%. The clinical observations from that study showed that African-ancestry
patients with TNBC had a very poor or null response to neo-adjuvant chemotherapy (NACT). The
relapse was very fast, within 6 months after finishing NACT, and usually with very aggressive disease
pattern, with metastization predominantly to liver and brain. African-ancestry patients had a
significantly higher prevalence of initially metastatic disease (41.2% vs 11% in non-Blacks, p < 0.005)
and a worse outcome (median survival: 15 months vs 62 non-Blacks, p < 0.005). Thus, although studies
concerning TNBC development and ancestry-associated discrepancies are still scarce in African-
ancestry populations, particularly those living in Europe, these previous results obtained with patients
from HFF are in line with the claims of most American and African-based studies (Brewster et al., 2014;
Danforth, 2013; DeSantis et al., 2019; Keenan et al., 2015; Newman, 2017; Newman et al., 2019; Stark
et al., 2010). Information about the validation cohort can be consulted in Supplementary Data —
Patients, eTable 3.

2.1. Ethics statement

This study was conducted at CEDOC. This project was approved by both the ethics committee of
HFF, from where the samples come from, and NMS|FCM-UNL. Patients’ informed consent was
gathered. Patient’s information includes medical records and personal data. Data was anonymized and
stored securely.
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2.2. Samples

TNBC patients diagnosed from 2005 to 2014 were select based on the curated data base created
by Hondrio et al. (Hondrio et al., 2016), where White patients had yet to be identified. TNBC patients
diagnosed from January 2015 to August 2018 were selected among all BC patients from HFF.
Furthermore, only patients diagnosed or subjected to surgery in HFF were included in this study, since
patients which started being followed in HFF but that performed those procedures in other hospitals
do not have available samples for this study.

Formalin-fixed paraffin-embed (FFPE) TNBC tissues were prepared and stored in HFF’s
Pathological Anatomy Service (SAP). FFPE tissues include biopsies, in which part of them are used in
the diagnosis, or surgical pieces, removed during the mastectomies. Whenever possible, surgical
pieces were preferred over biopsies since not only the tissue slice area is expected to be larger, as a
portion of normal-adjacent BC tissue is also removed during surgery. The normal-adjacent breast tissue
samples would be used to validate the results obtained with the TNBC samples.

12 African-ancestry patients and 11 White patients with TNBC, diagnosed between January 2012
and August 2018, were included in the validation cohort. Per patient, 6 to 8 TNBC FFPE tissue sections
with 2.5 um thick were sliced with a disposable microtome blade (S-35, Feather) and placed in an
adhesion histological slide (Superfrost Plus, Thermo Scientific). Tumoral and normal-adjacent breast
tissue were placed in different slides and stored at RT.

2.3. Immunohistochemistry

IHC, a method for demonstrating the presence and location of proteins in tissue sections, was
used to validate candidate molecules potentially involved in the ancestry associated discrepancy of
TNBC incidence and aggressiveness.

As result of the DGEA, GSEA and IPA, as well as literature review, the selected molecules were
the following: EGFR, Myc, Bcl2 and B-Catenin.

Slides were firstly deparaffinized through 10 min incubation at 90°C followed by other 10 min in
xylene. Tissue was then rehydrated through an ethanol series at 100%, 96% and 70%, respectively, 2
min each, finishing with the slides in ddH,0. Since the tissues were fixed in formalin, an antigen
retrieval step was crucial due to the formation of methylene bridges during fixation, which cross-link
proteins and therefore mask antigenic sites. The retrieval was necessary to break the methylene
bridges and expose the antigenic sites to allow the antibodies to bind. Slides were placed in a metal
rack and a heat-induced antigen retrieval was performed using a pressure cooker with sodium citrate
buffer (10mM Sodium Citrate, 0.05% Tween 20, pH 6.0). 2 min after the cooker reached its full
pressure, the hotplate was turned off. As soon as the cooker and buffer’'s temperature allow the
protocol to safely continue, slides were rapidly transferred from the buffer to ddH,0. It is important
that the slides do not dry since that would cause non-specific antibody binding and therefore high
background staining.

Since the secondary antibody used was Horseradish Peroxidase (HRP)-conjugated (Peroxidase
IgG Fraction Monoclonal Mouse Anti-Rabbit IgG, light chain specific, code 211-032-171, Jackson
ImmunoResearch), endogenous peroxidase was blocked through a 5 min incubation of the slides in 3%
H,0.. If not blocked, endogenous peroxidase in the presence of the HRP-conjugated antibody may lead

72



CHAPTER Il - Material & Methods

to high, non-specific background staining. H.O, was removed and the slides were then washed in
ddH0 for 5 min.

A hydrophobic pen was used to draw a barrier circle around the tissue on each slide. Slides were
incubated for 1h in a humidified chamber with blocking solution (0.5% BSA), in order to avoid non-
specific antibody binding. After 3 washes, 5 min each, with washing solution (PBS 1x, 0.5% Tween 20,
pH 7.0), slides from each patient were incubated for 1h with their respective primary antibodies (Table
7) in a humidified chamber. All antibodies were diluted in blocking solution. Control slides were
incubated with blocking solution.

Table 12 List of primary antibodies used in immunohistochemistry assays.

Antibody Reference Host Dilution Localization Company

Cell membrane,
cytoplasm and

Anti-EGFR ) nucleus (Brand
ab52894 Rabbit 1:100 abcam
[EP38Y] et al., 2013;
Rong et al.,
2019)

Cytoplasm and
Anti-c-Myc [Y69] ab32072 Rabbit 1:100 nucleus (Gong et abcam
al., 2017)

Between the
internal and the
external
mitochondrial
membranes,
. . endoplasmic
Anti-Bcl-2 [E17] ab32124 Rabbit 1:50 . abcam
reticulum,
nuclear outer
membrane and
nucleus
(Popgeorgiev et
al., 2018)

Cell membrane,
cytoplasm and
nucleus (Chen et
al., 2014)

Anti-beta Catenin ab16051 Rabbit 1:100 abcam

After other 3 times cycle of slide washing, slides were incubated for 1h with the secondary
antibody in a humidified chamber. After a last 3 times washing cycle, slides were quickly washed with
ddH,0 to remove eventual residues of Tween 20, which may impair even dispersal and uniform
infiltration of DAB (Bright-DAB Kit, VWR). DAB (3,3'-Diaminobenzidine) is used in IHC staining as a
chromogen. DAB is oxidized by hydrogen peroxide in a reaction catalyzed by HRP (conjugated with the
secondary antibody). The oxidized DAB forms a brown precipitate, at the location of the HRP, which
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can be visualized using light microscopy. Slides were incubated with DAB in a humidified chamber for
8 min and rapidly washed in running water.

Slides were then incubated for 1 min with Mayer's Hematoxylin to counterstain. After washing
excess Hematoxylin, tissues in the slides were dehydrated in a series of 70%, 96% and 100% ethanol,
30 seconds incubation each, and then 3 min incubation in xylene. Lastly, slides were mounted using
Entellan mounting medium and covered with microscope cover glasses.

2.4. Imaging analysis and quantification

Slides were observed in bright field in an Axio Imager Z2 microscope (Zeiss). Each slide had 4-10
pictures of areas with epithelial cells acquired with a 10x objective and ZEN 2.1 microscope software
(Zeiss).

Fiji Image) (Schindelin et al., 2012) software was used for image analyses and processing. From
the total pictures taken for each studied protein in each patient, converted in RGB format, a minimum
of 7 crops with 132 um? each were quantified. That specific area and the 7 crops, which made up a
total quantified area of 924 um? per patient, were stipulated based on the maximum area of epithelial
cells of the patient with both the most damaged tissue and less area of epithelial cells. Thus, the
quantified area for each protein in each patient was the same. Each crop was subjected to color
deconvolution, where “H DAB” stain (Hematoxilin + DAB) was chosen as vector. DAB intensity was then
qguantified in its corresponding channel generated by color deconvolution.

Protein expression was evaluated through the semiquantitative approach used to assign an H-
score (or “histo” score) (Ishibashi et al., 2003; John et al., 2009). First, an H-score was calculated for
the area of cells in a crop corresponding to an intensity level. Low positive cells have a 1+ score, positive
cells have 2+, and high positive cells have 3+. The sum of individual H-scores for each intensity level
was performed for each crop, according to the following formula:

H-score = [1 x (% area 1+) + 2 x (% area 2+) + 3 x (% area 3+)]

Based in the threshold method for H-score used by the IHC profiler plugin (Varghese et al., 2014),
using the threshold feature of Image menu of the ImageJ program, the thresholds stablished for each
pixel intensity level were the following: 0-55 level 3+ or high positive, 56-110 level 2+ or positive and
111-165 level 1+ or low positive area. Pixels with an intensity equal or above the 166 threshold were
considered as background staining and were not included in the H-score. The area for each threshold
interval was then measured and included in the H-score calculus for each crop.

Mean H-score for each protein of each patient was estimated on basis of the 7 H-scores.
Wilcoxon Rank-Sum (Mann-Whitney U) test was used to compare H-score of each protein between
African-ancestry and White patients. This procedure was performed using wilcox.test() function in R
environment and GraphPad Prism 6.01 software. p-values < 0.05 were considered statistically
significant.
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1. CHARACTERIZATION OF TCGA PATIENTS

Metadata from African-American (AA) and White patients diagnosed with Triple-Negative Breast
Cancer (TNBC), including their respective RNA-sequencing (RNA-seq) data and clinical information,
retrieved on March 6, 2019 from The Cancer Genome Atlas (TCGA), was used for the computational
analyses. 142 TNBC patients with clinical information were identified, of which 52 (36.62%) are AA and
90 (63.38%) are White. Table 13 describes TCGA’s AA and White breast cancer (BC) patients

Table 13 Description of TCGA’s African-American and White breast cancer patients.?

African- American White
(n=183) (n=757) p-value
Age at BC diagnosis, mean (IQR) 56.29 (47 - 67) 58.61 (49 - 67) 0.037°
Tumor subtype, n (%)

TNBC 52 (28.42) 90 (11.89) <0.0001

HER2 7(3.83) 22(2.91) 0.684

Hormone receptor 112 (61.20) 589 (77.81) <0.0001

Indeterminate or not evaluated 12 (6.56) 56 (7.40)

Age at TNBC diagnosis, mean (IQR) 55.87 (48 - 62.75) 54.23 (46.25 - 62) 0.780P
Stage at TNBC diagnosis, n (%)

[ 9(17.31) 19 (21.11) 0.741

I 32 (61.54) 56 (62.22) >0.999

I 10 (19.23) 11 (12.22) 0.375

v 1(1.92) 1(1.11) NA

Indeterminate or not evaluated - 3(3.33) NA
Menopause status at TNBC diagnosis, n (%)

Pre (<6 months since LMP, no prior

bilateral ovariectomy and not on estrogen 9(17.31) 29 (32.22) 0.082

replacement)

Peri (6-12 months since last menstrual 3(5.77) 1(1.11) NA

period)

Post (prior bilateral ovariectomy or >12

months since LMP with no prior 32 (61.54) 55(61.11) >0.999

hysterectomy)

Indeterminate or not evaluated 8(15.48) 5(5.56) NA
Follow-up TNBC patients, months (IQR)¢ 36.83 (14.70 - 50.77) 28.79 (5.78 — 44.92) 0.932°
Vital Status of TNBC patients, n (%) 0.883

Alive 45 (86.54) 80 (88.89)

Dead 7 (13.46) 10(11.11)

Time to death of TNBC patients, months 30.75 (25.13 - 36.80) 42.73 (12.43 - 58.94) 0.743b
(1QR)

2Some values do not sum to heading totals because of missing data.

b Wilcoxon-Mann-Whitney test. Otherwise, the comparisons are by Fisher exact test.
¢ Months of follow-up after initial diagnosis.

NA — Not available

IQR — Interquartile range

LMP — Last menstrual period
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AA patients were diagnosed with BC at earlier age, comparing with White patients (56.29 vs
58.61 years old, p = 0.037), and are more likely to develop TNBC than their White counterparts (28.42
% of all AA patients vs 11.89 % of all White patients, p = 0.0001). There were no statistically significant
differences between AA and White patients with TNBC (thereafter, TNBC-AA and TNBC-White,
respectively), concerning their age at diagnosis, pathological stage of the disease, menopause status
and follow-up, although those differences were previously observed in other studies (Ademuyiwa et
al., 2017; Huo et al., 2009; Keenan et al., 2015; Stewart et al., 2013). Additional information regarding
the TCGA patients can be consulted in the Supplementary - Patients file, eTable 1.

1.1. TNBC has different survival impact in AA and White patients when considering
pre-menopause condition and the disease at stage Il

Figure 15 shows the Kaplan-Meier survival curves from the TNBC cases from TCGA (Table 13) up
to 12 years follow-up after diagnosis. Patients were divided according to their ancestry and the survival
rate of both populations was analyzed in general or taking into account patient’s menopause status
and the different pathological stages of the disease at diagnosis.

Taking into consideration all TNBC cases, the survival curves between the two populations is not
statistically significant (Figure 15a). Nonetheless, there is a clear tendency for a faster and higher
mortality rate of AA patients. A similar non-statistically significant tendency can be observed when
comparing patients presenting postmenopausal status (Figure 15c).

Notably, AA patients have a significantly lower survival probability comparing with their White
counterparts within the group presenting pre-menopause condition and the group diagnosed at stage
Il TNBC (Figure 15b and e, log-rank p = 0.019 and 0.0038, respectively). To our best knowledge, this is
the first study reporting such significantly lower survival probability in African-ancestry patients
specifically associated to their premenopausal condition or pathological stage Il at initial TNBC
diagnosis, when comparing with matching White patients. Nonetheless, AA diagnosed with BC and
TNBC have reportedly higher mortality than White patients at all ages, including the premenopausal
ages (DeSantis et al., 2019). Furthermore, the low mortality among patients diagnosed at stage |
(Figure 15d), and the low survival probability in the groups of patients from both ancestries diagnosed
at stage Ill (Figure 15f) were somewhat expected, given the early and advanced stage of the disease,
respectively.
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Figure 15 Kaplan-Meier survival curves of TNBC cases stratified by ancestry up to 12 years follow-up after
initial diagnosis. a All TNBC patients. b Premenopausal (pre-) TNBC patients. ¢ Postmenopausal (post-) TNBC
patients. d Stage | (SI) TNBC patients. e Stage Il (SIl) TNBC patients. f Stage Il (SIll) TNBC patients. Blue survival
curves correspond to African-American patients (AA), red curves show White patients. Values do not sum to
heading totals because of missing follow-up information.

2. DIFFERENTIAL GENE EXPRESSION ANALYSIS

Before exploring gene expression data, RNA-seq data was filtered and normalized. Filtering of
genes with low number of counts across libraries, each corresponding to a patient, must be performed
prior to Differential Gene Expression Analysis (DGEA) in order to remove genes with very low
expression since not only they have no power to infer differential expression between groups of
patients, as they may also interfere with the real expression and biological relevance of other genes in
a library and across libraries. To set the filtering criteria, we must have into account 1) the minimum
number of libraries included in a group of patients and 2) the minimum number of counts a gene must
have in a limiting number of libraries. For more information about this procedure, consult Chapter |
—Section 1.3.1.1.4.

Since the groups of patients with smaller libraries, corresponding to premenopausal stage | and
stage Il disease AA patients, have two libraries each (Chapter Ill — Section 1.3.1.1.1.), we set this value
as the minimum number of libraries in which a gene must be expressing so as not to be filtered. Figure
16 shows the total size of each library in counts-per-million (CPM). Having into consideration the
libraries with a smaller total count size, we choose 10 CPM as a filtering criterion regarding the
minimum number of counts a gene must have. Thus, a requirement of at least 10 CPM of expression
in two or more libraries was used to ensure the retention of a gene in the analysis.

100
|

= AA
n White

B0
|

80
|

Library size (CPM)
40

Patients

Figure 16 Library sizes of TNBC patients. Dashed line corresponds to 10 CPM filtering threshold. Blue
bars correspond to libraries of AA patients and red bars correspond to White patients’ libraries. CPM
Counts per Million. AA African-American.

After filtering and normalization, and before performing the DGEA, differential expression
between groups of patients was explored through multi-dimensional scaling (MDS) plots (Figure 17).

MDS plots of the RNA-seq samples represent the distances correspond to leading log-fold-
changes between each pair of samples. In this case, MDS plots show the gene expression profile
distance between patients in two dimensions, in which each dot represents a patient. In accordance
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with previous studies (Huo et al., 2017; Stewart et al., 2013), and despite some outlier results,
differences in gene expression profiles are higher between TNBC and other subtypes of BC (Hormone
receptor [HR+] and HER2) patients, than between patients diagnosed with HR+ and HER2 BCs (Figure
17a), regardless of patients’ ancestry (Figure 17b). The MDS plot does not show a clear differential
expression profile between AA and White TNBC patients at the first two dimensions (Figure 17c).
However, ancestry-associated discrepancies in disease severity and previous reported differences
(Chang et al., 2018; Huo et al., 2017; Keenan et al., 2015; Lindner et al., 2013; Stewart et al., 2013;
Sugita et al., 2016), motivated further analyses taking into consideration the data substructure.
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Figure 17 MDS plots of groups of RNA-sequencing data from TCGA. a AA patients with different
breast cancer subtypes. b TNBC vs non-TNBC cases, according to ancestry. ¢ TNBC-AA cases vs
TNBC-AA cases, according to menopause status and pathological stage of the disease. AA African-
American. HR+ Hormone postive breast cancer cases. HER2 HER2 positive breast cancer cases. non-
TNBC hormone receptor and HER2 positive breast cancer cases. pre- Pre-menopause. post- Post-
menopause. S/ Stage |. Sl Stage II. S/lI Stage Ill. FC fold-change. dim dimension.

Since we observed differences in survival of TNBC-AA patients, comparing to TNBC-White
patients, which were statistically significant for patients in premenopausal condition and with tumors
diagnosed at stage Il (Figure 15), and also considering the ancestry-associated discrepancy regarding
the age of onset of BC (Bauer et al., 2007; Carey et al., 2006; Huo et al., 2009; Lund et al., 2009;
Shoemaker et al., 2018; Zaky et al.,, 2009) and a study in which the differential gene expression
increased between African-ancestry and White TNBCs in more advanced stages of the disease (Huo et
al., 2017; Stewart et al., 2013), the menopause status and the pathological stage of the disease were
clinical features taken into account in the DGEA.

Thus, in order to refine the differential gene expression profile between TNBC-AA patients and
TNBC-White patients, which may explain the less favorable probability of African-ancestry patients to
survive to this disease, the following groups of patients were subjected to DGEA:

1) AA vs White patients diagnosed with TNBC, independently of menopause status and stage of
the disease;

2) AA vs White patients diagnosed with TNBC with matched menopause status, not having into
account their pathological stage of the disease;

3) AA vs White patients diagnosed with TNBC with matched pathological stage of the disease,
independently of patients’ menopause status;

4) AA vs White patients diagnosed with TNBC with matched menopause status and pathological
stage of the disease.

More details of the groups of patients in each DGEA in Chapter Il - Section 1.3.1.1.1.
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2.1. DGEA between TNBC-AA and TNBC-White patients

To find differences in the gene expression profile of the total TNBC cases from AA comparing
with White patients, 52 TNBC-AA patients and 89 TNBC-White patients were eligible (one of the total
90 White patients with TNBC did not have available RNA-seq data) for this DGEA.

Atotal of 1122 genes were found to be differentially expressed, false discovery rate (FDR) < 0.05
(Supplementary - DGEA, eTable 1), 638 of which were upregulated and 484 were downregulated in
TNBC-AA patients (Table 14, Figure 18).

Table 14 Number of differentially expressed genes with FDR < 0.05 in TNBC-AA
patients comparing with TNBC-White patients.

N upregulated genes. |, downregulated genes

AA African-American patients. W White patients.

FDR £0.05 1122 (638 1 +484 )

# Patients 52 AAvs 89 W

An MD (mean-difference) plot was created to better visualize the dispersion of the 1122
differentially expressed genes between TNBC-AA patients and TNBC-White patients (Figure 18). In an
MD plot, the log-fold-change (FC) for each gene is plotted against the average log CPM, which is a
measure of how much expressed the genes are. Significantly differentially expressed genes at FDR of
5% are highlighted.

log-fold-change

1 T 1
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Average log CPM

Figure 18 MD plot with log-fold-change against average count size,
highlighting the differentially expressed (DE) genes between TNBCs from
AA and TNBCs from White patients. non-DE non-differentially expressed
genes (black dots). Up upregulated genes in TNBCs-AA comparing with
TNBCs-White (red dots). Down downregulated genes in AA TNBCs
comparing with White TNBCs (green dots). CPM counts per million.

In addition to MD plots, heat maps were also designed to display the differential expression
profile of each patient. The advantage of a heat map is that it can show the expression pattern of each
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differentially expressed gene (DEG) across all patients involved in that DGEA. Figure 19a displays a
heatmap in which all the 1122 DEG were clustered together. Despite some outliers, i.e. White patients
presenting a “AA phenotype” for specific DEG, and vice-versa, there is a clear difference in the
expression profile between AA and White patients, as can be seen by the color pattern exhibited in the
Figure 19a. Also, Figure 19b heatmap shows the 20 most statistically significant DEG identified in TNBC-
AA patients.
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Figure 19 Heat maps across all patients diagnosed with TNBC. a Clustering of all
differentially expressed genes observed in TNBCs-AA patients vs TNBC-White
patients. b Top 20 of the most differentially expressed genes identified in TNBC-AA
patients vs TNBC-White patients, in ascending order of FDR. AA African-American.
CPM counts per million. Green - downregulated gene. Red - Upregulated gene. Color
intensity is proportional to log2CPM value.

The main aim of this work is to identify ancestry-associated differentially expressed molecules
between the two populations, with potential impact in the prognosis and treatment of African-
ancestry patients diagnosed with TNBC. For that reason, we first checked if the order of the statistical
significance value of the DEG should be the most relevant criterion to the identification of potential
candidate prognostic or target genes. Table 15 shows the top 20 DEG observed in TNBC-AA patients,
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comparing with their White counterparts, and a brief description of the genes, according to GeneCards

summary (https://www.genecards.org/), Entrez Gene summary (https://www.ncbi.nim.nih.gov/gene)

or UniProtKB (https://www.uniprot.org/uniprot/).

Table 15 Top 20 most statistically significant up and downregulated differentially expressed genes in TNBC-AA
patients comparing with TNBC-White patients. a - Gene description according to GeneCards summary. b - Gene
description according to Entrez Gene summary. ¢ - Gene description according to UniProtKB.

Genes Description LogaFC FDR
PRAMENP  Preferentially Expressed Antigen In Melanoma-Like pseudogene.? 4452 5.12E-11
TNNT3 Tropon!n T, Fast S_kc?l‘.etal Muscle, the binding of Ca(2+) 'Fo tfb\e trimeric 4436 8.39E-11
troponin complex initiates the process of muscle contraction.
LAMB4 Lamm.m .Subun/t Be_ta 4f medlate.s the attac.hment, migration and 3473 536E-10
organization of cells into tissues during embryonic development.©
SORD2P Sorbitol Dehydrogenase 2, Pseudogene.? 2.861 7.49E-10
MIR3609 MicroRNA 3609.? -8.155 5.67E-09
Shisa Family Member 3, transmembrane adaptors that modulate both
SHISA3 WNT and FGF signaling by blocking the maturation and transport of their  4.186  6.03E-09
receptors to the cell surface.®
Glutathione S-Transferase Mu 5, encodes one of the mu class of cytosolic
and membrane-bound glutathione S-transferase, which is involved in the
detoxification of electrophilic compounds, including carcinogens,
GSTM5 therapeutic drugs, environmental toxins and products of oxidative stress, 4.251  7.83E-09
by conjugation with glutathione. Genetic variations in the mu class gene
cluster can change an individual's susceptibility to carcinogens and toxins
as well as affect the toxicity and efficacy of certain drugs.?
PAGE Family Member 1, belongs to a family of genes that are expressed
in many tumors but not in normal tissues, except for the testis. Unlike the
PAGE1 other gene family members, this gene does not encode an antigenic -8.324 1.28E-08
peptide. Nothing is presently known about the function of this protein®
nor if it is expressed in BC.
CROCCP2 Ciliary Rootlet Coiled-Coil, Rootletin Pseudogene 2.? 1.044  1.87E-08
SCARNA7 ilr:sas/IaCajal Body-Specific RNA 7, RNA gene affiliated with the scaRNA 6.866 1.87E-08
NOBOX NOBOX OogeneS/s Homeobox,. .|n mice, :)t is essential for folliculogenesis 7427  1.87E-08
and regulation of oocyte-specific genes.
SCARNA1O ilr:::IaCa/al Body-Specific RNA 10, RNA gene affiliated with the scaRNA 6330 1.87E-08
RNA Component Of 7SK Nuclear Ribonucleoprotein, RNA gene affiliated
RN7SK with the 7SK RNA class. Diseases associated with RN7SK include Acquired -7.358 2.05E-08
Immunodeficiency Syndrome and Gastric Cancer.?
CSN1S1 Case/r? Alpha .51, is a protein enc?dmg gene with an important role in the 9283 3.64E-08
capacity of milk to transport calcium phosphate.©
Leukocyte Associated Immunoglobulin Like Receptor 2, is a member of
the immunoglobulin superfamily. It was identified by its similarity to
LAIR2 . . . 2.427 5.10E-08
leukocyte-associated immunoglobulin-like receptor 1, a membrane-
bound receptor that modulates innate immune response.b
RNVU1-18 RNA, U1 Small Nuclear 25, Pseudogene.? -6.900 5.44E-08
EGFR-AS1 EGFR Antisense RNA 1, a non-coding RNA gene.? -5.932 5.44E-08
GCGR Glucggon Receptor, important |r1 con.trollmg blood g.Iucose Ievels.. DeZects 3704 6.01E-08
in this gene are a cause of non-insulin-dependent diabetes mellitus.
SNORD17 Small Nucleolar RNA, C/D Box 17, is an RNA Gene, and is affiliated with 5202  6.54E-08
the snoRNA class.?
ST7-AS2 ST7 Overlapping Transcript 2 (Antisense Non-Coding RNA).? -6.662  9.27E-08
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Together with the complete list of DEG identified in this analysis (Supplementary - DGEA, eTable
1), Table 15 confirms that there are indeed biological differences between African-ancestry and White
patients diagnosed with TNBC. However, the top 20 most significantly DEG an the complete list of DEG
per se do not explicit show which are the most relevant genes affecting downstream networks,
pathways and cellular mechanisms potentially involved with the observed survival differences
between AA and White patients diagnosed with TNBC. Thus, although the highly significantly DEG
presented in Table 15 might have important roles in ancestry-associated discrepancy of TNBC, just
looking at the most significantly DEG per se is not enough to foreshadow their biological relevance.

Therefore, and since the stringent parameters used in the DGEA already restrict our results, we
did not exclude the hypothesis that less statistically significant DEG may indeed have an important
biological function related with TNBC development in African-ancestry patients. Thus, such DEG may
be potential drivers of TNBC aggressiveness in this population and, as such, they should not be
neglected. Accordingly, these larger sets of DEG will be further subjected to gene set enrichment
analysis (GSEA) and network design in order to identify genes potentially involved in altered pathways
and cellular processes involved the ancestry-associated discrepancy of TNBC.

2.2. DGEA between TNBC-AA and TNBC-White patients with matched menopause
status, independently of pathological stage

The Kaplan-Meyer survival curves (Figure 15, Section 1.1.) suggested that TNBC-AA patients have
a significantly reduced survival probability, comparing with TNBC-White patients, particularly when
patients are premenopausal and diagnosed at stage Il disease. Thus, we took into consideration that
the menopause status and disease’s pathological stage are influencing TNBC development and
prognosis in the two populations.

To clarify this issue, DGEA was performed with patients presenting the same menopause status,
where 41 AA patients and 86 White patients with menopause information were included. The number
of DGE resulting from DGEAs of both contrasts with pre- and postmenopausal patients are depicted in
Table 16. More information about the groups of patients of each contrast can be consulted in Chapter
I, Section 1.3.1.1.1.

Table 16 Number of differentially expressed genes in TNBC-AA patients comparing with TNBC-White patients
(with FDR < 0.05) according to patients’ menopause status.

‘M upregulated genes. |, downregulated genes

AA African-American patients. W White patients

Pre-menopause Post-menopause
FDR < 0.05 83 (76 1M +7 ) 718 (352 ™ + 366 )
# Patients 9AAvVs29 W 32 AAvs57 W
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Complete DGEA results of each contrast can be consulted in Supplementary - DGEA file, eTables
2-3. The numbers of DEG of each contrast, as well as its FC difference and relative abundance, is

highlighted in the following MD plots (Figure 20).
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Figure 20 MD plots with log-fold-change against average count size,
highlighting the differentially expressed (DE) genes in TNBCs from AA
comparing with menopause status-matched TNBCs from White patients. a Pre-
menopause matched; b Post-menopause matched. non-DE non-differentially
expressed genes (black dots). Up upregulated genes in AA TNBCs comparing
with White TNBCs (red dots). Down downregulated genes in AA TNBCs
comparing with White TNBCs (green dots). CPM counts per million.

Less DGE were identified in the DGEA of premenopausal patients (Table 16, Figure 20a) than in
postmenopausal patients (Table 16, Figure 20b), which, in part, may be due to the lower number of
patients included in the premenopausal contrast and not necessary due to the fact that there might
be less biological dissimilarities between younger AA and White TNBC patients.

Heatmaps showing the gene expression profile resulting from the DGEA of the premenopausal
contrast are represented in Figure 21. Figure 21a represents the gene clustering of all identified DEG
and Figure 21b shows the top 20 DEG. Again, the genes appearing in the top 20 (Figure 21b) per se may
not explain the biological causes behind the increased TNBC incidence and lower survival of
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premenopausal AA patients. However, considering all the 83 DEG, we highlight the fact that PIK3CA is
the most statistically significant overexpressed gene (Figure 21b). This oncogene is often mutated in
BC and PI3K pathway, being involved in tumorigeneses and patients’ poor prognosis (Aleskandarany
et al., 2010; Berns et al., 2007).
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Figure 21 Heat maps of premenopausal TNBC patients. a Clustering of all differentially
expressed genes observed in TNBCs-AA patients vs TNBC-White patients. b Top 20 of
the most differentially expressed genes identified in TNBC-AA patients vs TNBC-White
patients, in ascending order of FDR. AA African-American. CPM counts per million.
Green - downregulated gene. Red - Upregulated gene. Color intensity is proportional to
log2CPM value.

On the other hand, the DGEA of the contrast with postmenopausal patients (32 AA patients vs
57 White patients) resulted in 718 DEG (Table 16). Figure 22 shows the heatmaps representing the
clustering of the DEG identified in postmenopausal TNBC-AA patients (Figure 22a). Given the relatively
large number of DEG identified, different clusters (red and green patterns) can be clearly visualized
(Figure 22a). Nonetheless, with a large set of identified DEG, the top 20 DEG per se (Figure 22b) does
not show clear relevant information regarding differences in TNBC biology between AA and White
premenopausal patients.
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Figure 22 Heat maps of postmenopausal TNBC patients. a Clustering of all differentially
expressed genes observed in TNBCs-AA patients vs TNBC-White patients. b Top 20 of the
most differentially expressed genes identified in TNBC-AA patients vs TNBC-White patients,
in ascending order of FDR. AA African-American. CPM counts per million. Green -
downregulated gene. Red - Upregulated gene. Color intensity is proportional to log2CPM
value.

In general, the results obtained in this section, showing that are indeed DEG when controlling
for patients’ pre- or post-menopause condition, suggest that the hormonal features of each
menopausal phase also influences the molecular ancestry-associated disparities.

2.3. DGEA between TNBC-AA and TNBC-White patients with matched pathological
stage of the disease, independently of menopause status

The following DGEA were performed in patients with the same pathological stage of the disease
at TNBC diagnosis, independently of their menopause status. These DGEA included a total of 51 AA
patients and 90 White patients with TNBC staging data. Table 17 shows the number of DEG resulting
from the DGEA of each of the three analyzed pathological stages. Additional information regarding the
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groups of patients of each contrast can be consulted in Chapter Ill, Section 1.3.1.1.1. Complete DGEA
results of each stage-matched contrast can be consulted in Supplementary - DGEA file, eTables 4-6.

Table 17 Number of differentially expressed genes in TNBC-AA patients comparing with TNBC-White patients
(with FDR < 0.05) according to patients’ stage of the disease.

/N upregulated genes. | downregulated genes

AA African-American patients. W White patients

Stage | Stage ll Stage lll
FDR < 0.05 30221 +84) 1776 (1073 M +703 ) 94 (36 ™M +58 1)
# Patients (AA vs W) 9AAVS 19 W 32 AAvs 59 W 10AAvs 12 W

Figure 23 shows MD plots for each of the analyzed stage-matched contrasts and significantly
DEG are highlighted. Interestingly, from all the DGEA performed in this project, we identified the
largest set of DEG in the contrast with stage Il disease patients (1776 DEG, 1073 up- and 703
downregulated DEG; Table 17 and Figure 23b). The set of DEG found in patients with disease at this
stage is even larger than the set of DEG identified with all the TNBC patients (1122 DEG, 638 up- and
484 downregulated DEG; Table 14 and Figure 18), even though there is a lower number of patients
presenting stage |l disease (32 AA and 59 White patients, Table 17) comparing with the total number
of patients included in the DGEA with all TNBC cases (52 AA and 89 White patients, Table 14).

Furthermore, regarding the other stages, we observed that although stage | contrast has more
patients than the stage lll, there are three times more DEG in the contrast with stage Il disease patients
than in the contrast with stage | disease patients (Table 17, Figure 23a and 23c).

Overall, and as previously described in a study with BC patients from TCGA (Stewart et al., 2013),
there seems to be an increased expression profile distance between AA and White patients throughout
the evolution of the disease.
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Figure 23 MD plots with log-fold-change against average count size, highlighting the
differentially expressed (DE) genes in TNBCs from AA comparing with stage-matched
TNBCs from White patients. a Stage | matched. b Stage Il matched. c Stage Ill matched.
non-DE non-differentially expressed genes (black dots). Up upregulated genes in AA

TNBCs comparing with White TNBCs (red dots). Down downregulated genes in AA TNBCs
comparing with White TNBCs (green dots). CPM counts per million.

Figure 24 displays the heat maps with clustering of all DEG diagnosed with stage | disease (Figure
24a) and their top 20 DEG (Figure 24b). Given the reduced number of DEG identified in this group of
patients, no clear DEG clustering can be visualized (Figure 24a). This DGEA only resulted in 30 DEG and
the top 20 DEG per se (Figure 24b) does not seem to reflect the biological context of the ancestry-
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associated TNBC discrepancy in the early stage of the disease. Importantly, and as aforementioned,
the gene expression profile dissimilarities seem to increase throughout TNBC progression. Thus, in an
early stage of development, TNBC gene expression may not be so dissimilar between AA and White
patients.
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Figure 24 Heat maps of stage | TNBC patients. a Clustering of all differentially expressed
genes observed in TNBCs-AA patients vs TNBC-White patients. b Top 20 of the most
differentially expressed genes identified in TNBC-AA patients vs TNBC-White patients, in
ascending order of FDR. AA African-American. CPM counts per million. Green -
downregulated gene. Red - Upregulated gene. Color intensity is proportional to log2CPM
value.

Figure 25 shows the heat maps with clustering of all DEG identified in TNBC-AA patients
presenting stage Il disease comparing with their White counterparts (Figure 25a) and their top 20 DEG
(Figure 25b). Given the total 1776 DEG identified within stage Il disease and the relatively large number
of patients included in this group (32 AA and 59 White patients, Table 17), there is a clear difference
in the gene expression profile between the two populations (Figure 25a). However, by observing only
the top 20 DEG (Figure 25b) we may be overlooking relevant clues regarding relevant pathways and
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cellular processes affecting the ancestry-associated TNBC discrepancy observed in stage Il disease
patients.
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Figure 25 Heat maps of stage Il TNBC patients. a Clustering of all differentially expressed
genes observed in TNBCs-AA patients vs TNBC-White patients. b Top 20 of the most
differentially expressed genes identified in TNBC-AA patients vs TNBC-White patients, in
ascending order of FDR. AA African-American. CPM counts per million. Green -
downregulated gene. Red - Upregulated gene. Color intensity is proportional to log2CPM
value.

Finally, Figure 26 depicts the heat maps with clustering of all DEG identified in TNBC-AA patients
presenting stage |l disease (Figure 26a) and their top 20 (Figure 26b). The clustering formation of the
94 DEG identified in TNBC-AA patients, comparing with TNBC-White patients (Figure 26a), is an
indicative of the clear distinct molecular profile between patients of the two populations diagnosed
with stage Il disease. Furthermore, PIK3CA is, again, the most statistically significant DEG (Figure 26b).
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Figure 26 Heat maps of stage Ill TNBC patients. a Clustering of all differentially expressed
genes observed in TNBCs-AA patients vs TNBC-White patients. b Top 20 of the most
differentially expressed genes identified in TNBC-AA patients vs TNBC-White patients, in
ascending order of FDR. AA African-American. CPM counts per million. Green - downregulated
gene. Red - Upregulated gene. Color intensity is proportional to log2CPM value.

Altogether, these observations suggest that there is an increased differentiation in the ancestry-
specific gene expression profile throughout the staging progress of TNBC, which may be due to an
increased rate of genomic instability and alterations in the tumor microenvironment, as previously
suggested by other works (Negrini et al., 2010; Sonugir and Akbulut, 2019).

2.4. DGEA between TNBC-AA and TNBC-White patients with matched menopause
status and disease stage

Finally, we grouped the patients taking in account both their menopause status and disease
stage. In this analysis, 41 TNBC-AA patients and 81 TNBC-White patients, with both menopause and
disease stage information, were considered. The number of DEG resulting from DGEA for each contrast
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is shown in Table 18. Additional information regarding the groups of patients of each contrast can be
consulted in Chapter Ill, Section 1.3.1.1.1.

Table 18 Number of differentially expressed genes in TNBC-AA patients comparing with TNBC-White patients
(with FDR < 0.05) according to patients’ menopause status and pathological stage of the disease.

N upregulated genes. | downregulated genes

AA African-American patients. W White patients

Stage | Stage ll Stage lll
Pre-menopause
FDR < 0.05 0 63(60 M +3 ) 22 1)
# Patients 2 AA VS 7 W 5AAVs 17 W 2 AA VS 4 W
Post-menopause
FDR < 0.05 10 (10 1) 1360 (642 1 + 718 ) 2(24)
# Patients 3AAVS 11 W 22 AAvs 36 W 7 AA VS 6 W

Complete DGEA results for each contrast are presented in Supplementary - DGEA file, eTables
7-12. DGE of each contrast are highlighted in the following MD plots (Figure 13).

From Table 18 and Figure 27 we can observe that some contrasts do not have DEG (taking in
account the FDR < 0.05), such as the contrast involving premenopausal patients with disease at stage
I, or have very few DEG, namely the contrasts of pre- and postmenopausal patients with disease at
stage Ill, where only two DEG were identified.
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Figure 27 MD plots with log-fold-change against average count size, highlighting the differentially expressed (DE)
genes in TNBC-AA comparing TNBC-White patients with matched menopause status and stage. a All patients in
pre-menopause and disease at stage I|. b All patients in pre-menopause and disease at stage Il. ¢ All patients in
pre-menopause with the disease at stage IIl. d All patients in post-menopause and disease at stage I. e All patients
in post-menopause and stage Il. f All patients in post-menopause and disease at stage Il. non-DE non-
differentially expressed genes (black dots), Up upregulated genes in TNBC-AA comparing with TNBC-White
patients (red dots), Down downregulated genes in in TNBC-AA comparing with TNBC-White patients (green dots),
CPM counts per million.

Looking specifically for patients with disease at pathological stage |, only the ones with
postmenopausal status showed a differential expression profile between the two populations. Thus,
since such low number of DEG does not allow for biological contextualization through gene set
enrichment analysis (GSEA) or network design, we prepared Table 19 with a brief description of the 10
DEG identified in TNBC-AA patients with post-menopause condition and disease at stage |, in order to
ascertain if there is a biological pattern among this set of DEG.
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Table 19 Differentially expressed genes in stage | disease postmenopausal TNBC-AA patients comparing with
matching TNBC-White patients. a - Gene description according to GeneCards summary. b - Gene description
according to Entrez Gene summary. c - Gene description according to UniProtKB.

Genes Description Log2FC FDR

Glutathione S-Transferase Mu 5, encodes one of the mu class of cytosolic
and membrane-bound glutathione S-transferase, which is involved in the
detoxification of electrophilic compounds, including carcinogens,
GSTM5 therapeutic drugs, environmental toxins and products of oxidative 7.848 9.61E-06
stress, by conjugation with glutathione. Genetic variations in the mu
class gene cluster can change an individual's susceptibility to carcinogens
and toxins as well as affect the toxicity and efficacy of certain drugs.?
Glutathione S-Transferase Mu 2, encodes one of the mu class of cytosolic
and membrane-bound glutathione S-transferase, which is involved in the
detoxification of electrophilic compounds, including carcinogens,
GSTM2 therapeutic drugs, environmental toxins and products of oxidative 4.688 1.95E-04
stress, by conjugation with glutathione. Genetic variations in the mu
class gene cluster can change an individual's susceptibility to carcinogens
and toxins as well as affect the toxicity and efficacy of certain drugs.?
Glucuronidase Beta, encodes a hydrolase, located in the lysosome, that
GUSB degrades glycosaminoglycans, including heparan sulfate, dermatan 3.828  9.33E-04
sulfate, and chondroitin-4,6-sulfate.”
Glutathione S-Transferase Theta-2B, encodes a member of a superfamily
GSTT2B of proteins that catalyze the conjugation of reduced glutathione to a 5.368 2.07E-03
variety of electrophilic and hydrophobic compounds.?
Acyl-CoA Synthetase Long Chain Family Member 3, encodes an isozyme
ACSL3 that converts free long-chain fatty acids into fatty acyl-CoA esters, and 2.636  2.07E-03
thereby play a key role in fatty acid degradation and lipid biosynthesis.?
Isopentenyl-Diphosphate Delta Isomerase 1, encodes a peroxisomally-
localized enzyme that catalyzes the interconversion of isopentenyl
diphosphate (IPP) to its highly electrophilic isomer, dimethylallyl
diphosphate (DMAPP), which are the substrates for the successive
reaction that results in the synthesis of farnesyl diphosphate and,

IDI1 2.726  4.59E-03

ultimately, cholesterol.”
SORD2P Sorbitol Dehydrogenase 2, Pseudogene.? 4717  4.59E-03
ELOVL Fatty Acid Elongase 5, encodes an endoplasmic reticulum-bound
ELOVL5 enzyme that catalyzes the first and rate-limiting reaction of the four = 2.646  5.31E-03
reactions that constitute the long-chain fatty acids elongation cycle.¢
Acyl-CoA Synthetase Family Member 1, encodes a protein that activates
AACS acetoacetate to acetoacetyl-CoA. May be involved in utilizing ketone 2.632 9.20E-03
body for the fatty acid-synthesis during adipose tissue development.©
Flavin Containing Dimethylaniline Monoxygenase 5, encodes a NADPH-
FMO5 dependent flavoenzymes that catalyzes the oxidation of soft nucleophilic  3.645  3.33E-02
heteroatom centers in drugs, pesticides, and xenobiotics.®

Interestingly, most of these 10 DEG, which are all upregulated in TNBC-AA patients, are related
to detoxifying mechanisms and fatty acids or other lipid synthesis. Also, GSTM5, GUSB, GSTM2, ACSL3
and IDI1 are differentially expressed in the DGEA with stage | patients (Figure 24b), independently of
menopause status. This observation suggests that these TNBC-AA patients, comparing to TNBC-White
patients, may have a higher drug metabolism, which could be responsible for the impairment of the
response to treatment, even in this early-stage disease.
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Figure 28 represents the heatmap organized according to the clustering of the DEG identified in
TNBC-AA patients with post-menopause condition and disease at stage |. This figure shows that,
although the DEG identified in this group of TNBC-AA patients seem to be suggestively associated to
detoxifying mechanisms and lipid synthesis (Table 19), this hypothesis needs some caution, since there
are only 3 TNBC-AA patients in this contrast, and only one of them is highly expressing all of these 10
DEG, which may be skewing the DGEA.
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Figure 13 Heat map with gene cluster of the the differentially expressed genes in TNBC-AA patients with
post-menopause condition and disease at stage |, comparing with matching TNBC-White patients. AA

African-American. CPM counts per million. Green - downregulated gene. Red - Upregulated gene. Color
intensity is proportional to log2CPM value.

Most TNBC patients from the study cohort present stage Il disease. DGEA of the contrast with
premenopausal and stage |l disease patients resulted in 63 DEG in TNBC-AA patients, comparing with
TNBC-White patients (Table 18 and Figure 27b). Curiously, from the 63 DEG, only 3 are downregulated.
Figure 29 shows the heat maps of the DEG in this group. Figure 29a corresponds to the gene clustering
of the complete list of DEG, and Figure 29b corresponds to the top 20 most statistically significant DEG.
Contrary to the contrast with postmenopausal stage | disease patients, with only 3 TNBC-AA patients
(Figure 28), in Figure 29 we observed that the 63 DEG (Figure 29a) are less likely due to the massive
up- or downregulation of those genes in a single patient. Nonetheless, and as previously discussed, the
top 20 most significantly DEG (Figure 29b) per se may not be enough to point out some of the most
biologically relevant genes in TNBC development and prognosis in premenopausal and stage Il disease
AA patients, comparing with their White counterparts.

101



CHAPTER IV - Results

Genes

White

4 [
log-CPM

i

ThzD2
ST
PETIIT
ILZORE
NTER2
CHMD
LAanBL
EMM2E

FEAR
T

uncozics [

KOCATII
KRT4
TATHE
[NES]

rever [N

THITZ
o
UEHIC
SNRPB2

Aby White

Genes

Figure 14 Heat maps of premenopausal stage Il TNBC patients. a Clustering of all differentially
expressed genes observed in TNBCs-AA patients vs TNBC-White patients. b Top 20 of the most
differentially expressed genes identified in TNBC-AA patients vs TNBC-White patients, in
ascending order of FDR. AA African-American. CPM counts per million. Green - downregulated
gene. Red - Upregulated gene. Color intensity is proportional to log2CPM value.

On the other hand, DGEA of the postmenopausal stage Il disease contrast resulted in a higher
number of DEG in TNBC-AA patients (1360, with 642 upregulated and 718 downregulated, Table 18
and Figure 27e) than in the contrast with all TNBC patients (1122, with 638 upregulated and 484
downregulated, Table 14), even though it has less patients included. Interestingly, although including
a smallest group of patients, the analysis of this contrast lead to a larger number of DEG than the
contrast of postmenopausal patients (718 DEG, with 32 AA patients and 57 White patients, Table 16).
This observation suggests that the gene expression profile distance between TNBC-AA patients and
TNBC-White patients in postmenopausal condition is more pronounced when patients also exhibit
stage Il disease.
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Figure 30 shows the heat maps corresponding to gene clustering of the complete list of DEG
(Figure 30a) and the top 20 most statistically significant DEG (Figure 30b) identified in postmenopausal
stage Il disease TNBC-AA patients, comparing with matching White patients. In Figure 30a, the
considerably larger number of DEG identified in TNBC-AA patients allows for the visualization of a clear
distinction in differential gene expression profile between the two groups of patients. However, given
the large number of DEG obtained in this DGEA, the most statistically significant DEG (Figure 30b) may
not include more relevant driver genes involved in ancestry-associated discrepancy of TNBC.
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Figure 30 Heat maps of postmenopausal stage Il TNBC patients. a Clustering of all
differentially expressed genes observed in TNBCs-AA patients vs TNBC-White patients.
b Top 20 of the most differentially expressed genes identified in TNBC-AA patients vs
TNBC-White patients, in ascending order of FDR. AA African-American. CPM counts per
million. Green - downregulated gene. Red - Upregulated gene. Color intensity is
proportional to log2CPM value.

Finally, both pre- and post-menopause contrasts with stage Il disease patients have in common
the fact that few patients are included, similarly to the contrasts involving stage | disease patients
(Table 18). Particularly, the premenopausal patients with disease at stage Il have the smaller number
of patients (2 AA and 4 White) among all contrasts. However, there were two significantly upregulated
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genes, PIK3CA and ZMAT3 in premenopausal stage Il disease AA-TNBC patients (Table 20). Due to the
small number of obtained DEG, as well as the reduced number of patients, it was not possible to design
heatmaps. Nonetheless, we identified differences in the expression profile of the two populations
within this contrast.

Table 20 Differentially expressed genes in stage lll disease premenopausal TNBC-AA patients comparing with
matching TNBC-White patients. a - Gene description according to UniProtKB. b - Gene description according to
Entrez Gene summary.

Genes Description Log2FC FDR

Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha,

promotes activation of signaling cascades involved in cell growth,

survival, proliferation, motility and morphology, as well as cellular

signaling in response to various growth factors.?

Zinc Finger Matrin-Type 3, the mRNA and the protein of this gene are

ZMAT3 upregulated by wildtype 953 and ov.erexpression of this ge'ne inhibits 3251  2.83E-02
tumor cell growth, suggesting that this gene may have a role in the p53-

dependent growth regulatory pathway.?

PIK3CA 5.003  4.36E-08

Curiously, PIK3CA and ZMAT3 are in close proximity in the cytogenetic location 3926.32. This
suggests that the 2 premenopausal AA patients with stage Il disease might have a duplication of that
chromosomic region, causing the amplification of gene expression. This might be an interesting
hypothesis, especially considering that PI3K pathway is involved in drug resistance and poor outcome
of BC patients (Aleskandarany et al., 2010; Berns et al., 2007).

Although the contrasts including postmenopausal and stage | disease (Table 19, Figure 28) and
premenopausal and stage Il disease (Table 20) patients resulted in a small number of DEG, the ones
identified are suggestively associated with drug-resistance and bad prognosis.

Finally, the postmenopausal, stage Ill disease contrast also resulted in two DEG, KCND2 and
PLAU, both being downregulated in TNBC-AA patients (Table 21). But, taking in consideration the
literature, KCND2 and PLAU do not have any reported involvement in cancer development or with each
other. Again, no heatmaps were design for this contrast due to the small number of resulting DEG.

Table 21 Differentially expressed genes in stage Il disease postmenopausal TNBC-AA patients comparing with
matching TNBC-White patients. a - Gene description according to UniProtKB.

Genes Description LogzFC FDR

Potassium Voltage-Gated Channel Subfamily D Member 2, a protein
KCND2 that mediates transmembrane potassium transport in excitable -5.384 1.75E-02
membranes, primarily in the brain.?
Plasminogen Activator, Urokinase, a protein that specifically cleaves
the zymogen plasminogen to form the active enzyme plasmin.?

PLAU -3.288 2.34E-02

Although DGEA with small sampling is possible, such as the cases of premenopausal stage |
disease and premenopausal stage Ill disease contrasts, which have two AA patients each (Table 18), a
descriptive analysis with respective fold change of the identified DEG in the contrast is the more
appropriate way to interpret these results, as recommended by the edgeR’s user’s guide (Chen et al.,
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2018). For this reason, we did not proceed with further complementary analysis to interpret the DEG
identified in these contrasts, in a biological context in African-ancestry TNBC patients.

To conclude the DGEA task of this project, we also identified which DEG (FDR<0.05) are in
common in DGEA with patients with the same or different menopause and disease staging conditions,
i.e., genes that are more specific to a menopause status and/or TNBC staging. The complete list of
matching DEG in different DGEA can be consulted in Supplementary - Matching DEG file. Figure 31
shows the number of matching DEG between different contrasts, with the exception of the contrasts
that resulted in 2 or less DEG, as well as the total number of significant DEG in each contrast. As
expected, since patients are not mutually exclusive among the contrasts, stage Il contrast generated
the larger number of DEG in common with other contrasts, 474, and, of those, 453 are in common with
the contrasts with all TNBC patients, postmenopausal patients and patients both postmenopausal and
presenting stage Il disease. Given that such DEG are shared among a large portion of AA patients, with
the most common variables in study (post-menopause status and stage Il TNBC at diagnosis), they may
be interesting candidate ancestry-associated markers.

Overall, the sets of DEG found in TNBC-AA patients, comparing with TNBC-White patients, show
a clear difference in expression profile among these populations. Furthermore, these results suggest
that differential expression is indeed influenced by the menopause status and pathological stage of
the disease, as different gene expression profiles were found in patients with distinct menopause
status or distinct disease stage. These findings have a potential clinical impact in the prognosis and
treatment of African-ancestry patients.

Nonetheless, due to the small number of patients of some contrasts, such as those including
pre- and postmenopausal patients with stage Ill disease (Table 18), to perform extrapolations of the
results obtained within these contrasts into clinical practice, further investigation with a larger number
of patients presenting those characteristics are still required. Also, stage | contrasts resulted in null or
reduced sets of DEG. This may be due to the fact that TNBC gene expression profile is progressively
more distant between the two populations throughout disease development, as previously reported
(Huo et al., 2017; Stewart et al., 2013).

Since DGEA results showed that there are indeed gene expression ancestry-associated
differences to justify TNBC's epidemiological and clinical observations, we proceeded to refine DGEA
results, in order to find potential leading molecules involved in the ancestry-associated TNBC
discrepancy.
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Figure 31 UpSet plot of the differentially expressed genes (FDR<0.05) idenfied in TNBC-AA patients comparing with TNBC-White patients, obtained in the different
differential gene expression analyses. The intersection size represents the number of matching genes. All DGEA considering all TNBC patients (52 AA vs 89 White). Pre
DGEA considering premenopausal patients (9 AA vs 29 White). Post DGEA considering postmenopausal patients (32 AA vs 57 White). S/ DGEA considering stage | disease
patients (9 AA vs 19 White). S/l DGEA considering stage Il disease patients (32 AA vs 59 White). S/// DGEA considering stage Il disease patients (10 AA vs 12 White). PreS!/
DGEA considering premenopausal stage | disease patients (2 AA vs 7 White). PreSIl DGEA considering premenopausal stage Il disease patients (5 AA vs 17 White). PreSll/
DGEA considering premenopausal stage Il disease patients (2 AA vs 4 White). PostSI DGEA considering postmenopausal stage | disease patients (3 AA vs 11 White).
PostSIl DGEA considering postmenopausal stage Il disease patients (22 AA vs 36 White). PostS/l/I DGEA considering postmenopausal stage Il disease patients (7 AAvs 6
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3. GENE SET ENRICHMENT ANALYSIS AND INGENUITY PATHWAY ANALYSIS HIGHLIGHT
PATHWAYS AND GENES DIFFERENTIALLY EXPRESSED IN TNBC-AA PATIENTS

To shed some light on interesting candidate ancestry-associated markers to be further
investigated in the validation cohort, the following analyses were performed: gene set enrichment
analysis (GSEA), using collections of diseases and pathways from Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Ingenuity Pathway Analysis (IPA)’s core analysis, with focus on the network
design, to aid visualize in what way the DEG of a given contrast interact and which genes have a central
role in the altered networks. Both GSEA and IPA’s network design were performed using as input the
complete gene lists obtained from DGEA results, including non-DEG and the respective FC and FDR of
each gene.

3.1. Gene set enrichment analysis

With the exception of DGEA results obtained in pre- and postmenopausal stage | and stage |l
disease contrasts, all the other DGEA results were subjected to GSEA. Gene sets from KEGG Pathway,
a curated database of molecular pathways and disease signatures (Kanehisa et al.,, 2017, 2016;
Kanehisa and Goto, 2000), were considered enriched when FDR<0.05, taking into consideration both
up- and downregulated genes in the set (FDR.mixed). The following contrasts resulted in enriched gene
sets (Supplementary - GSEA file, eTables 1, 3, 5 and 11, respectively): all TNBC patients,
postmenopausal patients regardless the disease stage, postmenopausal patients independently of
disease stage, patients diagnosed with stage |l disease regardless of menopause status and
postmenopausal stage Il disease patients. Complete lists of GSEA’s results can be consulted in
Supplementary - GSEA file.

In order to focus on genes that may have greater impact on TNBC development and in the
prognosis and treatment of African-ancestry patients, the following gene set KEGG collections were
considered: signal transduction, cellular community - eukaryotes and cell motility, cell growth and
death, cancer: overview, where the BC gene set was included, as well as the drug resistance -
antineoplastic collection, women-specific endocrine system collection gene sets, and gene sets related
to immuno oncology, from the immune system collection.

The enriched gene sets in TNBC-AA patients, comparing with matching TNBC-White patients, are
displayed in Figure 32. Green color represents gene sets with a global negative net direction (Down)
and red color represent gene sets with a global positive net direction (Up), with color intensity
proportional to -log,(FDR). As mentioned in Chapter lll, Section 1.4., the net direction of an enriched
gene set in a given contrast is influenced by gene interactions in that pathway or disease and by the
FC and FDR obtained in the DGEA, and does not mean that the majority of the genes in that enriched
gene set are up- or downregulated.
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Figure 32 Enriched gene sets in African-American patients. Each column corresponds to a contrast, in the
following order: all TNBC patients, postmenopausal patients, stage Il disease patients and postmenopausal stage
Il disease patients. Green color - negative net direction (Down). Red color - positive net direction (Up). White

color - not statistically significant (FDR=0.05). Color intensity is proportional to -log>(FDR) value.

Some enriched gene sets’ share the same net direction between the contrasts, with differences
being at the level of FDR value. This was somewhat expected, considering that the different analyzed
groups include patients mainly at post-menopause status and/or with stage Il disease. On the other
hand, opposite net direction of the enriched gene sets in a specific contrast suggests that menopause
status and pathological stage of the disease indeed influence specific pathways and cellular
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mechanisms. Additionally, enriched gene sets with consistent net directions between these groups
suggest that those pathways may contribute to TNBC development in AA patients independently of
their menopause status or disease stage.

Overall, most enriched gene sets are negatively regulated in TNBC-AA patients, comparing with
matching White patients. Nevertheless, positively regulated gene sets were seen among all the
analyzed groups, and include mTOR, VEGF and Notch signaling pathways, Apoptosis and Necroptosis
cell processes, Toll-like signaling pathway, Estrogen signaling pathway, Breast cancer and Endocrine
resistance.

In the Signal transduction collection, postmenopausal patients and stage Il disease patients
revealed the most distinct differences regarding the net direction of the enriched gene sets. For
instance, MAPK pathway is exclusively positively regulated in AA patients from the contrast composed
by patients with stage Il disease, comparing with their White counterparts. On contrary, TNF, NF-kB
and HIF-1 pathways appeared to be negatively regulated in AA patients presenting postmenopausal
condition, regardless the disease stage. Regarding Cell growth and death collection, Cell cycle gene set
is positively regulated in AA patients from the contrasts with all TNBC patients, independently of
menopause status and stage of the disease, and in the postmenopausal contrast. Gene sets from the
Cellular community and motility group have consistently a negative net direction in all four contrasts.
In the Immune system collection, IL-17 signaling pathway is negatively regulated in postmenopausal
AA patients, and B cell receptor signaling pathway is negatively regulated in AAs from the contrast
composed by postmenopausal stage Il disease patients. In the Endocrine system collection, Oxytocin
signaling pathway is exclusively positively regulated in AA patients from the stage Il disease contrast,
independently of their menopause status; also, Insulin resistance gene set is positively regulated in
AAs from the postmenopausal status and stage Il disease contrast and in the contrast comprised by
stage Il disease patients, independently of menopause status. Finally, in the Cancer and antineoplastic
drug resistance collection, Pathways in cancer, Transcriptional misregulation in cancer and Platinum
drug resistance gene sets are positively regulated in stage Il AA patients, being negatively regulated in
AAs in the postmenopausal contrast.

Of all the enriched gene sets and respective net direction in common in the four groups of TNBC-
AA patients, here we highlight “Hippo signaling pathway” (Figure 32). This gene set stands out by
having the lowest FDR value and by being negatively regulated in AA patients, comparing with
matching White patients, in all four contrasts. Figure 33 shows the DEG of this gene set identified in
each contrast, as well as its respective FC. Different DEG contribute to the enrichment of the Hippo
signaling pathway gene set in each of these four contrasts. FZD8, MYC, SCRIB, DVL1, CCND3 and LATS1
are the most consistent DEG, being identified in the four contrasts, and contributing to the enrichment
of this gene set. According to the literature, downregulation of Hippo pathway components, including
LATS1, may promote the transcription of genes involved in cell proliferation and competition, cell
death inhibition, epithelial-to-mesenchymal transition (EMT), tumor metastasis, and tumorigenesis
(Harvey et al., 2013; Lei et al., 2008; Marti et al., 2015; Piccolo et al., 2014; Zanconato et al., 2016; Zhao
et al., 2010).

109



CHAPTER IV - Results

All patients

BMPE

WNT6

FZD3

BMP2

FZD8

SCRIB

$ o

5 Myc

¢ BBC3

CCND3

RASSF1

BMPR1A

LATS1

TGFBR2

CCND2

-4 -2 0 2
log,FC
Postmenopausal patients

ZD8

MYC

¥ SCRIB
-]
c
@

O o

CCND3

LATS1

-4 -2 0 2

log;FC

WNT6
FZD8
WNT5B
BBC3
Myc
DvL1
CCND3
SCRIB
RASSF1
DLG1
BMPR1A
SMAD1
LATS1
CCND2

Genes

FZD8
WNT6
MYC
SERPINE1
DVL
CCND3

SCRIB

Genes

BMPR1A
BMPR2
APC
LATS1
CTNNB1
WNTTA

Stage Il patients

log,FC

Postmenopausal stage Il patients

-2 0 2 4

log,FC

Figure 33 Differentially expressed genes identified in the Hippo signaling pathway gene set from the Signal
transduction collection in the following groups of patients: all TNBC patients, postmenopausal patients, stage
Il disease patients and postmenopausal and stage Il disease patients. FC Fold-change.

We also highlight the cellular community and cell motility gene set collection as having the most

consistent negative net direction in all contrasts (Figure 32). This consistent downregulation of the

cellular community and cell motility gene sets suggests that the integrity of cell-cell contacts and actin

cytoskeleton organization, fundamental in epithelial tissue homeostasis, are impaired (Bhat et al.,
2019; Cavallaro and Christofori, 2004), promoting tumor cells dissociation and subsequent metastasis
(Bogenrieder and Herlyn, 2003). Figure 34 displays the DEG of the enriched cellular community and

cell motility gene sets in each group of patients.
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Figure 34 Differentially expressed genes identified in highlighted enriched KEGG gene sets from the group
of Cellular community and Cell motility collection (FDR <0.05) in the following contrasts: all TNBC patients,
postmenopausal patients, stage Il disease patients and postmenopausal and stage |l disease patients. a
Tight junction gene set; b Signaling pathways regulating pluripotency of stem cells gene set; ¢ Focal
adhesion gene set; d Gap junction gene set; e Regulation of actin cytoskeleton gene set; f Adherens
junction gene set. FC Fold-change.
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We also highlight BC gene set as being consistently upregulated in AA patients in all contrasts
(Figure 32). BC gene set includes, among others, EGFR, MYC or CTNNB1 genes (Figure 35), and the fact
that is upregulated in AA patients, comparing with White patients, suggests that AA women have a
higher activation of components and processes involved in BC development, which may be translated
into TNBC's faster progression and aggressive behavior.
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Figure 35 Differentially expressed genes identified in Breast cancer gene set from the Cance collectionr:
specific types collection, in the following groups of patients: all TNBC patients, postmenopausal patients,
stage Il disease patients and postmenopausal and stage Il disease patients. FC Fold-change.

Lastly, we highlight MAPK signaling pathway gene set which, interestingly, is exclusively
upregulated in stage Il disease AA patients (Figure 32). MAPK cascades regulate a variety of cellular
processes, including proliferation, differentiation, apoptosis and stress responses, playing a crucial role
in the survival and development of cancer cells (Guo et al., 2020). Thus, DEG involved in MAPK pathway
exclusively identified in stage Il AA patients (Figure 36), including NTRK1, GADD45C, MAPK12, TRADD
or FGFR2, may contribute to the observed worst prognosis of TNBC-AA patients when comparing with
matching TNBC-White patients.
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Figure 36 Differentially expressed genes identified in MAPK signaling pathway gene set from the Signal
transduction collection, in the following groups of patients: all TNBC patients, postmenopausal patients,
stage |l disease patients and postmenopausal and stage Il disease patients. FC Fold-change.

GSEA provides a method for the identification of the pathways and/or cellular mechanisms that
are over- or under- represented considering the sets of genes resulting from the DGEA of the different
contrasts. To complement GSEA results, and to help to identify potential driving molecules involved in
the ancestry-associated TNBC discrepancy we also performed IPA’s core analysis with focus on
network design and identification of central network regulators.

3.2. Ingenuity Pathway Analysis

IPA’s core analysis with focus on network design allows the visualization of the interactions
between genes resulting from DGEA, displaying how they might work together at molecular level and
which is the central network regulator. Central network regulators are the DEG with more direct and
indirect connections in their network and highly interconnected networks are likely to represent
significant biological functions. Only networks with a score above 30 were considered. Network scoring
is based on the right-tailed Fisher’s Exact test p-value calculation and they are scored based on the
number of molecules from the inputted data set they contain. The higher the score, the lower the
probability of finding the observed molecules from the data set in the designed network by random
chance. In the context of this project, central network regulators of highly scored networks are
potential drivers for ancestry-associated TNBC differences.
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IPA’s network design was performed using the complete lists of genes obtained through DGEA
for each group, except pre- and postmenopausal stage | and Ill disease, due to their low number of
DEG (Table 18). The complete lists of genes and respective FC and FDR were used as input. Complete
lists of networks and respective central regulators, scores, molecules involved, and top diseases and
functions, according to patient’s menopause status and/or staging, are listed in Supplementary -
Networks file.

IPA’s network design, through central regulator identification and network scoring, successfully
recognized EGFR, Myc and Bcl2 as potential candidate ancestry-associated markers, as follows:

EGFR as a central regulator had among the highest scores and was observed in the following
contrasts: all TNBC patients, postmenopausal patients regardless the stage of the disease, stage Il
disease patients regardless their menopause status and postmenopausal stage Il disease patients
(Supplementary - Networks file, eTables 1, 3, 5 and 7, respectively). Figure 37 represents the networks
in which EGFR is a central regulator. EGFR is a transmembrane glycoprotein, member of the protein
kinase superfamily, and it is a receptor for members of the epidermal growth factor family. EGFR
activation promotes cell proliferation, motility, and survival via activation of various downstream
signaling pathways, such as Ras-Raf-MEK-ERK, PI3K-AKT-mTOR, and Src-STAT3 (Yarden and Sliwkowski,
2001). Figure 37a represents the EGFR network in AA patients from the contrast comprised by all TNBC
cases, independently of patients’ menopause status or pathological stage of the disease, with a score
of 40 and 30 focus molecules included. Here we observed that low EGFR expression seems to be
indirectly affecting Wnt signaling pathway members, such as RSPO1, WNT6 or Frizzled class receptors,
which are upregulated in this group of patients, as indicated by the red color. Interestingly, Wnt
signaling pathway gene set has a negative net direction (Figure 32), which may be due to strong effect
that the under-expression of EGFR may be causing. Additionally, according to IPA, this network is
potentially involved in the following diseases and functions: Cancer, Cellular Movement, and
Gastrointestinal Disease (Supplementary - Networks file, eTable 1). Figure 37b shows the EGFR
network in postmenopausal TNBC-AA patients and has a score of 41 and 29 focus molecules. In this
network we highlight that transcriptional regulators involved in embryonic development and cancer
stemness maintenance, including LIN28A and ALDH proteins, are indirectly negatively regulated by the
under-expressed EGFR. Furthermore, according to IPA, this network is involved in the following
diseases and functions: Amino Acid Metabolism, Cellular Movement, and Connective Tissue Disorders
(Supplementary - Networks file, eTable 3). Figure 37c displays the EGFR network in TNBC-AA patients
diagnosed with stage Il disease and has a score of 42 and 34 focus molecules. To our best knowledge,
most molecules included in this network, such as TRIML2, GDPD2 or GRIK4, have unknown or poorly
impacting roles in cancer development. Also, according to IPA, this network is involved in the following
diseases and functions: Cellular Movement, Developmental Disorder, and DNA Replication,
Recombination and Repair (Supplementary - Networks file, eTable 5). Finally, Figure 37d represents
the EGFR network in the postmenopausal stage Il disease AA patients, with a score of 49 and 35 focus
molecules. Here, most of the molecules included in the design of this network, mainly those with larger
log,FC value (such as MTRNR2L1, GDPD2 or UNC80), to our best knowledge, do not have known roles
in cancer development. Also, according to IPA, this network is mainly involved with the following
diseases and functions: Amino Acid Metabolism, Cellular Movement, and Connective Tissue Disorders
(Supplementary - Networks file, eTable 7).
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Figure 37 IPA’s networks with EGFR as central regulator in TNBC-AA patients. a EGFR network in the group
with all patients, with a score of 40 and 30 focus molecules, and mainly involved with the following diseases
and functions: Cancer, Cellular Movement and Gastrointestinal Disease. b EGFR network in the group with
postmenopausal patients, with a score of 41 and 29 focus molecules, and mainly involved with the following
diseases and functions: Cancer, Cell Cycle and Organismal Injury and Abnormalities. ¢ EGFR network in the
group with stage Il disease patients, with a score of 42 and 34 focus molecules, and mainly involved with the
following diseases and functions: Cellular Movement, Developmental Disorder and DNA Replication,
Recombination, and Repair. d EGFR network in the group with postmenopausal stage Il disease patients,
with a score of 49 and 35 focus molecules, and mainly involved with the following diseases and functions:
Amino Acid Metabolism, Cellular Movement and Connective Tissue Disorders. Genes are represented by
nodes whose shape indicates the type of molecule/functional class. The relationship between the nodes is
showed by edges. Nodes in red represent statistically significant upregulated genes (FDR < 0.05), nodes in
green represent statistically significant downregulated genes (FDR < 0.05), grey nodes stand for non-
differentially expressed genes and white nodes correspond to genes not included in the DGEA. Solid lines
indicate direct relationship between molecules and dashed lines indicate indirect relationship. Color
intensity is proportional to logzFC value.

Although having lower network scores, Myc also stands out (Figure 38) as a central network
regulator in the contrasts with all TNBC patients, postmenopausal patients and postmenopausal stage
Il disease patients (Supplementary - Networks file, eTables 1, 3 and 7, respectively). Myc regulates up
to 15% of human genes, mostly by regulating RNA expression, both protein and non-coding, and is
involved in cell growth, proliferation, metabolism, differentiation, stress pathways, mechanisms of
drug resistance and apoptosis, thus, sustaining growth of many types of cancers (Camarda et al., 2016;
Dang et al., 2006; Fallah et al., 2017). Figure 38a shows the Myc network in TNBC-AA patients from the
contrast comprised by all TNBC cases, with a score of 31 and 26 focus molecules included. Here we
highlight the fact that, besides Myc itself, this network is composed by genes and proteins evolved in
misregulation in cancer, such as histone elements and regulators (HISTIH2BL, HIST1H4B), which are
downregulated in this group of patients, while the genes involved in histone deacetylase complex are
upregulated. Also, IPA’s suggests that this network is involved in the following diseases and functions:
Cell Cycle, Cell Death and Survival, and Cellular Assembly and Organization (Supplementary - Networks
file, eTable 1). Figure 38b displays Myc as a central regulator in postmenopausal TNBC-AA patients,
having a score of 41 and 28 focus molecules. Again, this network is also composed by genes and
proteins involved in misregulation in cancer, including the downregulated genes and proteins
associated to histone regulation and structure. This statement is also supported by the diseases and
functions affected by this network, which include Cellular Assembly and Organization, DNA Replication,
Recombination and Repair, and Post-Translational Modification (Supplementary - Networks file,
eTable 3). Finally, Figure 38c represents Myc network in postmenopausal stage Il disease TNBC-AA
patients, with a score of 37 and 30 focus molecules. As in the contrast with all TNBC-AA patients, the
elements represented in this network are also suggestively associated with cancer misregulation. In
fact, IPA’s suggests that this network is involved in the following diseases and functions: Acid
Metabolism, RNA Post-Transcriptional Modification, and Small Molecule Biochemistry (Supplementary
- Networks file, eTable 7). Overall, these results show that Myc upregulation in TNBC-AA, relatively to
TNBC-White patients, and its consequent effect on Myc-dependent genes, is consistent among the
groups of patients mostly presenting postmenopausal condition.
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Figure 38 IPA’s networks with MYC as central regulator in TNBC-AA patients. a MYC network in the group
with all TNBC patients, with a score of 31 and 26 focus molecules, and mainly involved with the following
diseases and functions: Cell Cycle, Cell Death and Survival and Cellular Assembly and Organization. b
MYC network in the group with postmenopausal patients, with a score of 41 and 28 focus molecules,
and mainly involved with the following diseases and functions: Cellular Assembly and Organization, DNA
Replication, Recombination, and Repair and Post-Translational Modification. ¢ MYC network in the group
with postmenopausal stage Il patients, with a score of 37 and 30 focus molecules, and mainly involved
with the following diseases and functions: Nucleic Acid Metabolism, RNA Post-Transcriptional
Modification and Small Molecule Biochemistry. Genes are represented by nodes whose shape indicates
the type of molecule/functional class. The relationship between the nodes is showed by edges. Nodes in
red represent statistically significant up-regulated genes (FDR < 0.05), nodes in green represent
statistically significant downregulated genes (FDR < 0.05), grey nodes stand for non-differentially
expressed genes and white nodes correspond to genes not included in the DGEA. Solid lines indicate
direct relationship between molecules and dashed lines indicate indirect relationship. Color intensity is
proportional to log,FC value.

Finally, Bcl2 stands out as being downregulated in premenopausal TNBC-AA comparing with
TNBC-White patients (Figure 39). Bcl2 is an apoptosis regulator that usually acts by promoting cell
survival rather than by driving cell proliferation (Adams and Cory, 2007). Bcl2 network is the only
network having a score above 30 in the premenopausal group of patients, with a score of 47. This is
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one of the highest scores obtained through IPA’s network design, only second to EGFR network in
postmenopausal stage Il disease patients, which has a score of 49 (Supplementary - Networks file,
eTable 2 and 7, respectively). Moreover, although it was not possible to observe statistically significant
enriched gene sets (FDR < 0.05) for this group of patients in the GSEA (Section 3.1.), through IPA’s
Network design it was possible to identify Bcl2 network as being significantly altered in premenopausal
TNBC-AA patients relatively to TNBC-White patients. Nonetheless, although scored with a high value,
this network only has 21 key molecules. Interestingly, according to this network, upregulated PIK3CA
is indirectly regulating Bcl2 downregulation, and vice-versa. Furthermore, according to IPA, the disease
and functions affected by this network include Cancer, Organismal Injury and Abnormalities, and
Skeletal and Muscular System Development and Function (Supplementary - Networks file, eTable 2).
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Figure 39 IPA’s network with Bcl2 as central regulator in premenopausal TNBC-AA patients. Bcl2
network has a score of 47 and 21 focus molecules, and mainly involved with the following diseases and
functions: Cancer, Organismal Injury and Abnormalities and Skeletal and Muscular System Development
and Function. Genes are represented by nodes whose shape indicates the type of molecule/functional
class. The relationship between the nodes is showed by edges. Nodes in red represent statistically
significant up-regulated genes (FDR < 0.05), nodes in green represent statistically significant
downregulated genes (FDR < 0.05), grey nodes stand for non-differentially expressed genes and white
nodes correspond to genes not included in the DGEA. Solid lines indicate direct relationship between
molecules and dashed lines indicate indirect relationship. Color intensity is proportional to log2FC value.

GSEA and IPA’s Network design, together with DGEA and literature review, contributed to the
selection of candidate genes to be further explored at the protein level using clinical samples.

However, we must take into consideration that the observed differences between TNBC-AA and
TNBC-White patients could be due to differences associated to intrinsic ancestry-associated factors,
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and not related to TNBC development. Thus, it is important to scrutinize which differences are due to
the disease progression and those which are normally found in breast tissue between these two groups
of patients with different ancestry.

4. DIFFERENCIAL EXPRESSION PROFILE BETWEEN TNBC-AA AND TNBC-WHITE
PATIENTS ARE DISEASE-SPECIFIC AND NOT ANCESTRY-ASSOCIATED

To ascertain if the differential gene expression profile observed between TNBC-AA and TNBC-
White patients are due to differences with features of the disease or just due to normal ancestry-
associated gene expression in the mammary tissue, DGEA was performed using RNA-seq data from
normal-adjacent BC tissue, removed during a mastectomy or lumpectomy, available in TCGA.

4.1. Differential expression profile between normal-adjacent BC tissue of AA patients
vs White patients

DGEA to compare normal-adjacent tissue from patients with different subtypes of BC was
performed using the same methodology as with the RNA-seq data from TNBC samples (Chapter lll,
Section 1.3.). This analysis included RNA-seq data from normal-adjacent BC tissue obtained from 6 AA
cases and 105 White cases (Supplementary - Patients file, eTable 2). Figure 40 shows the overall gene
expression differences between patients through an MDS plot. In general, there is no clear difference
between the expression profile of normal tissue between the two populations, although some White
patients have their expression profile further apart from the main cluster. A hypothesis that can justify
these apparent outliers may be the fact that, although considered histologically normal, this samples
are from tissue surrounding cancer and, therefore, they may have stromal infiltration due to the
adjacent cancer, which can affect gene expression.
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Figure 40 MDS plot of RNA-sequencing data from normal-adjancent breast cancer tissue from
TCGA patients, according to patients ancestry. AA African-American.

This DGEA resulted in 76 DEG (Supplementary - DGEA file, eTable 13), all of which are
upregulated in Normal-AA cases comparing Normal-White cases (Table 22, Figure 27).

Table 22 Number of differentially expressed genes with FDR < 0.05 in normal-
adjacent BC tissue from AA patients, comparing with matching tissue from White
patients.

N upregulated genes. |, downregulated genes

AA African-American patients. W White patients

FDR < 0.05 76 (76 M +0 1)

# Patients 6 AAvs 105 W

The DEG identified in Normal-AA cases, comparing with Normal-White cases, are highlighted in
Figure 40. In this MD plot we can observe that all DEG in Normal-AA tissue are upregulated.
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Figure 41 MD plot with log-fold-change against average count size,
highlighting the differentially expressed (DE) genes between normal-
adjacent breast cancer tissue from AA and matched tissue from White
patients. non-DE non-differentially expressed genes (black dots), Up
upregulated genes in TNBC tissue comparing with normal tissue (red dots),
Down downregulated genes in TNBC tissue comparing with normal tissue
(green dots). CPM counts per million.

Figure 42 displays the heatmaps showing the gene expression profile resulting from the DGEA
with RNA-seq from normal-adjacent breast tissue. Figure 42a heat map shows the gene clustering of
all the 76 DEG identified in normal tissue. On the other hand, Figure 42b shows the top 20 most
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Figure 42 Heat maps of normal-adjacent tissue from breast cancer patients. a Clustering
of all differentially expressed genes observed in normal-adjacent breast cancer tissue
from AA patients. b Top 20 of the most differentially expressed genes identified in
normal-adjacent breast cancer tissue from AA patients, in ascending order of FDR. AA
African-American. CPM counts per million. Green - downregulated gene. Red -
Upregulated gene. Color intensity is proportional to log2CPM value.

This DGEA showed that the large majority of the DEG previously identified are associated with
TNBC progression in the two patients’ populations, as those differences are not visible in normal
mammary tissue. In fact, only two genes - CXCL10 and LTB - were found to be simultaneously
differentially expressed between AA and White patients in both TNBC and normal tissue
(Supplementary - Matching DEG file). Hence, these results reinforce the idea that the expression profile
differences observed in TNBC patients seems to be mostly due to differences in the disease biology,
and not to inherent features related to patients’ ancestry.

4.2. Differential expression profile between TNBC-AA patients and Normal-AA cases

Normal and TNBC tissue from AA patients were also compared in order to identify genes that
lost or acquired an abnormal expression during TNBC progression in AA patients.

DGEA between 52 TNBC-AA patients and 6 Normal-AA cases resulted in 4137 DEG (Table 23).
This high number of DEG is a strong indicator that there is indeed a molecular alteration of patients’
mammary tissue throughout the TNBC development.
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Table 23 Number of differentially expressed genes in TNBC-AA patients comparing with
Normal-AA cases (with FDR < 0.05).

N upregulated genes. |, downregulated genes

AA African-American patients. NB Normal-adjacent breast cancer tissue.

FDR £0.05 4137 (2592 M +15454,)

# Patients 52 TNBC vs 6 NB

Accordingly, the following MDS plot (Figure 43) shows that there is, indeed, a clear distance
regarding the expression profile of TNBC-AA patients and Normal-AA cases, as suggested by the cluster

formation.
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Figure 43 MDS plot of RNA-sequencing data from TNBC tissue vs normal-adjacent breast cancer
tissue. AA African-American. Normal Normal-adjacent breast cancer tissue from AA patients.

Figure 30 is a representation of the 4137 DEG in the form of an MD plot, where most DEG, each
represented by a red or green dot, are indistinguishable from each other, given their large number.
Complete list of DGE identified in the contrast with TNBC-AA patients and Normal-AA cases can be
consulted in Supplementary — DGEA file, eTable 14.
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Figure 44 MD plot with log-fold-change against average count size,
highlighting the differentially expressed (DE) genes between TNBC tissue
and normal-adjacent breast cancer tissue from AA patients. non-DE non-
differentially expressed genes (black dots), Up upregulated genes in TNBC
tissue comparing with normal tissue (red dots), Down downregulated
genes in TNBC tissue comparing with normal tissue (green dots). CPM
counts per million.

Figure 45 shows a heat maps with the DEG identified in TNBC-AA patients when comparing with
Normal-AA cases. Figure 45a represents the gene clustering of all 4137 DEG identified in TNBC-AA
patients, with a clear cluster formation between the normal and TNBC tissue. Figure 45b shows the
top 20 most statistically significant DEG, where none of these Top 20 most statistically significant DEG
match with any of the DGEA with TNBC patients.
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Figure 45 Heat maps of TNBC and normal-adjacent breast cancer tissue from AA patients. a.
Clustering of all differentially expressed genes observed in TNBC tissue from AA patients. b Top
20 of the most differentially expressed genes identified in TNBC tissue from AA patients, in
ascending order of FDR. AA African-American. CPM counts per million. Green - downregulated
gene. Red - Upregulated gene. Color intensity is proportional to log2CPM value.

Some of the DEG identified in this DGEA match with the DEG identified in the contrasts
comparing TNBC-AA patients with menopause and/or stage matched TNBC-White patients
(Supplementary - Matching DEG file). Thus, such set of DEG is not only involved in TNBC development
as they may be exclusively to TNBC development in women of African-ancestry.

5. EGFR, MYC, BCL2 AND B-CATENIN AS POTENTIAL PROGNOSIS MARKERS AND
TERAPEUTIC TARGETS IN AFRICAN-ANCESTRY PATIENTS DIAGNOSED WITH TNBC

Overall, based on the reported analysis, EGFR, MYC and BCL2 were the DEG selected for further
validation, at the protein expression level, using formalin-fixed paraffin-embedded (FFPE) TNBC
samples.

Furthermore, we additionally investigated B-catenin protein expression in the clinical samples.
B-catenin is a key downstream component of the canonical Wnt signaling pathway as well as a critical
link in a chain of proteins that strengthen cell-cell adhesion by coupling cadherins to the actin
cytoskeleton (Shang et al., 2017). In the breast, in addition to creating and stabilizing the mammary
gland architecture, the catenin-cadherin complexes are involved in cell fate, polarity, motility and
survival (Hatsell et al., 2003). Also, the role of Wnt/B-catenin signaling in BC and TNBC tumorigenesis
(Dey et al., 2013b, 2013a; Xu et al., 2015) and worse prognosis (Dey et al., 2013b; Geyer et al., 2011;
Khramtsov et al., 2010; Lopez-Knowles et al., 2010) is well described. For these reasons, we decided to
ascertain B-catenin expression, which is encoded by CTNNB1 gene. Also, this protein is directly or
indirectly involved in some of our findings. For instance, according to GSEA, we observed that Wnt
signaling pathway is one of the most negatively regulated pathways identified in TNBC-AA patients
(Figure 32). Also, in the group of patients presenting postmenopausal status and stage Il disease, B-
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catenin, which is downregulated (log.FC = -0.935, FDR = 1.63E-02), is involved in the Hippo signaling
pathway (Figure 33), signaling pathways regulating pluripotency of stem cells (Figure 34b) and in the
breast cancer gene set (Figure 35). Moreover, in addition to Wnt signaling pathway, B-catenin is an
important intermediate in many other signal transduction pathways, including the PI3K-AKT pathway
(Ozawa et al., 1989). Also, Myc is among the many B-catenin downstream effectors (He et al., 1998;
Xu et al., 2015). Since Wnt/B-catenin signaling is usually upregulated in BC, as well as in the triple-
negative subtype, most treatments consist in Wnt/B-catenin inhibitors, such as PRI-724, a small
molecule Wnt co-activator antagonist, or Sorafenib and Refametinib, a tyrosine kinase inhibitor and
an MEK inhibitor, respectively, which inactivate B-catenin signaling (Krishnamurthy and Kurzrock,
2018; O’Toole et al., 2013). However, if African-ancestry patients with TNBC have indeed a lower
expression of Wnt/B-catenin, these treatments would be particularly harmful, since the Wnt/B-catenin
signaling is essential in the lymphopoiesis and hematopoiesis and regeneration of tissues and organs
(Staal and Sen, 2008).

Allin all, it is important to highlight the fact that other ancestry-associated DEG, either observed
in the contrast with all TNBC patients or in the contrasts considering patients’ menopause status,
pathological stage of the disease, or both, can also be relevant as ancestry-associated markers in
African-ancestry TNBC patients, with impact in the prognosis and/or as therapeutics targets.

Thus, in this project, EGFR, Myc, Bcl2 and B-catenin were further validated as potential ancestry-
associated markers in African-ancestry patients diagnosed with TNBC.

6. DIFFERENCES IN EGFR, MYC, BCL2 AND (-CATENIN PROTEIN EXPRESSION LEVEL
BETWEEN AFRICAN-ANCESTRY TNBC AND WHITE-TNBC PATIENTS, FOLLOWED IN
PORTUGAL, ARE ALIGNED WITH DIFFERENCIAL GENE EXPRESSION ANALYSES

The validation cohort included 12 African-ancestry patients and 11 White patients diagnosed
with TNBC at Hospital Professor Doutor Fernando Fonseca (HFF) between January 2012 and August
2018. All White patients and one African-ancestry patient are Portuguese, while all the other patients
are from the former Portuguese colonies, namely Cabo Verde, Sdo Tomé, Mozambique, Guinea-Bissau
and Brazil. The only criterion when choosing the patients was regarding the type of samples, with
preference for surgical pieces over biopsies since the last do not have normal-adjacent tissue that
would be further used to validate IHC results from malignant tissue in normal-adjacent mammary
tissue. Description of clinical characteristics of the validation cohort patients is in Table 24. More
information about the validation cohort can be consulted in Supplementary - Patients file, eTable 3.

Differently TNBC patients from TCGA, where no significant differences were observed between
AA and White TNBC patients regarding their age of initial diagnosis (55.87 vs 54.23 years old, p = 0.780,
Table 13), African-ancestry patients HFF were diagnosed with TNBC at a significantly younger age,
comparing with their White counterparts, which are also diagnosed later when comparing with White
patients from TCGA (47.75 vs 64.82 years old, p = 0.007, Table 24). Related to this, there is also a
significantly higher proportion of premenopausal TNBC cases in the African-ancestry population,
regarding the White population (58.33% vs 0, p = 0.010). As with TCGA patients, none of the other
clinical variables had statistically significant differences between the two populations of patients from
HFF. Kaplan-Meier survival curves were not considered for the validation cohort, due to the small
sampling.
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Table 24 Description of the validation cohort.
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African-ancestry White value
(n=12) (n=11) P
Age at diagnosis of TNBC, mean (IQR) 47.75 (37 - 54.25) 64.82 (58 - 70) 0.007?
Stage at TNBC diagnosis, n (%)
| 1(8.33) 4 (36.36) 0.262
I 4(33.33) 2(18.18) 0.725
Il 2 (16.67) 2(18.18) >0.999
v 4(33.33) 2(18.18) 0.725
Indeterminate or not evaluated 2 (16.67) 1(9.1)
Menopause status at TNBC diagnosis, n NA

(%)

Pre (<6 months since LMP, no prior
bilateral ovariectomy and not on 7 (58.33) 0 0.010
estrogen replacement)

Post (prior bilateral ovariectomy or >12

months since LMP with no prior 3(25) 10 (90.9) 0.006
hysterectomy)
Indeterminate or not evaluated 2 (16.67) 1(9.1) NA
Follow-up TNBC patients,
mean (1QR)° 43 (21 - 58) 57 (45 - 73) 0.131
Vital Status of TNBC patients, n (%) >0.999
Alive 10 (83.33) 10 (90.9) NA
Dead 2 (16.67) 1(9.1) NA
Time to death of TNBC patients, months 22-33 53 0.667

@ Wilcoxon rank-sum test. Otherwise, the comparisons are by Fisher exact test.
® Months of follow-up after initial diagnosis.

NA — Not available

IQR — Interquartile range

LMP — Last menstrual period

FFPE TNBC tissue from 12 African-ancestry and 11 White patients collected from HFF
(Supplementary - Patients file, eTable 3) was analyzed through immunohistochemistry (IHC) assays to
ascertain if EGFR, Myc, Bcl2 and B-catenin protein expression differences among the two groups of
patients are in agreement with the differential gene expression observed in TNBC-AA vs TNBC- White
patients from TCGA. Due to the small sampling, patients were not stratified according to their
menopause status or pathological stage of the disease.

Wilcoxon Rank-Sum (Mann-Whitney U) test was used to compare H-score of each protein
between African-ancestry and White patients. Briefly, H-score (Ishibashi et al., 2003; John et al., 2009)
is a semiquantitative approach in which the intensity of a protein expression is measured using the
scale 0-3, 0 being negative and 3 being a very high expression. The H-Score is then calculated by
multiplying the intensity value with its area. Remarkably, with no exception, all proteins are
significantly differentially expressed between the groups of patients (p < 0.05) and the net direction of
protein expression intensity matches with those of differential gene expression observed in the DGEA
(Figure 46). Therefore, these results corroborate that while Myc is upregulated in African-ancestry
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patients, EGFR, Bcl2 and B-Catenin are downregulated in these patients, in comparison with White

patients.
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Figure 46 Differences in H-score between African-ancestry (n = 12) and White (n = 11)
patients are significantly different for EGFR (p = 5.92E-06), Myc (p = 4.01E-04), Bcl2 (p =
9.81E-04) and B-Catenin (p = 1.44E-04) expression and have the same net direction as the
results obtained in DGE analysis. A/Blue - African-ancestry patients. W/Red - White patients.
Circles - EGFR expression. Triangles - Myc expression. Squares - Bcl2 expression. Diamonds
- B-catenin expression.

Figure 47 shows examples of a positive and a low/negative EGFR staining in African-ancestry and
White patients, where we can see that the protein is clearly more expressed in the TNBC samples of
White patients. Of note is the fact that different areas of each tissue may show different intensities of
EGFR expression and that the examples shown in Figure 47 for positive EGFR staining in African-
ancestry patients and negative EGFR staining in White patients were rarely observed. Interestingly,
although EGFR downregulation was observed in the contrasts that included postmenopausal patients,
stage Il disease patients, or both, in clinical samples EGFR protein is under-expressed in a group of
African-ancestry patients that is mostly comprised by premenopausal cases.
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White patients

High

Low/Negative

Figure 47 Immunohistochemistry staining of FFPE TNBC tissue from African-ancestry patients (left) and White
patients (right) with anti-EGFR IgG. Brown color indicates positive reactivity (top) and shows expression of
EGFR. Black scale bar - 100 um. Orange scale bar - 50 pm.

Examples of Myc positive and low/negative staining are showed in Figure 48, where it can be
seen a higher expression of Myc in African-ancestry patients comparing with its expression in White
patients. Furthermore, as EGFR, here Myc is overexpressed in a group of African-ancestry patients that

are mostly premenopausal.

African-ancestry patients White patients

e W

High

Low/Negative

Figure 48 Immunohistochemistry staining of FFPE TNBC tissue from African-ancestry patients (left) and White
patients (right) with anti-Myc 1gG. Brown color indicates positive reactivity (top) and shows expression of Myc.
Black scale bar - 100 um. Orange scale bar - 50 um.

Bcl2 IHC results are showed in Figure 49. Interestingly, none of the African-ancestry patients,
mostly premenopausal, expressed Bcl2. On contrary, Bcl2 expression can be observed in most White

patients.
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African-ancestry patients White patients

High

Low/Negative

Figure 49 Immunohistochemistry staining of FFPE TNBC tissue from African-ancestry patients (left) and White
patients (right) with anti-Bcl2 IgG. Brown color indicates positive reactivity (top) and shows expression of Bcl2.
Black scale bar - 100 um. Orange scale bar - 50 um.

Finally, both African-ancestry and White patients showed high levels of B-Catenin expression
(Figure 50). However, while some African-ancestry patients have low 3-Catenin expression, as shown
by the H-score of each patient, displayed in Figure 46, B-Catenin is highly expressed in all White
patients

High

Low/Negative

Figure 50 Immunohistochemistry staining of FFPE TNBC tissue from African-ancestry patients (left) and White
patients (right) with anti-B-Catenin IgG. Brown color indicates positive reactivity (top) and shows expression of
B-Catenin. Black scale bar - 100 um. Orange scale bar - 50 um.

To validate these results, we also performed IHC in the normal-adjacent BC tissue from the same
patients, excluding those in which only biopsy samples were available. However, the samples of
normal-adjacent BC tissue had very few epithelial cells, being mostly composed by fat tissue, more
prone to be damaged during FFPE slicing. Although this proportion of fat vs epithelial tissue is expected
in a normal breast, it was not enough for a representative staining and quantification. For that reason,
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those samples were excluded, and no validation of the candidate molecules was performed in FFPE
normal-adjacent breast cancer tissue.

To sum up, we have shown that there is indeed a differential expression profile between AA and
White patients diagnosed with TNBC, which vary according to patients’” menopause status and
pathological stage of the disease. Such ancestry-associated differences at the expression level translate
into differences in the activation or repression of signaling pathways and cellular mechanisms, as
observed through GSEA. Furthermore, IPA’s core analysis, in which we focused on the network design,
suggests that some proteins act as central regulators of specific networks found altered in groups of
TNBC-AA patients presenting certain menopause status and/or stages of the disease. Finally, among
the chosen candidate genes for validation through IHC, using samples collected in Portugal, protein
expression of EGFR, Myc, Bcl2 and B-catenin are remarkable in line with the FC direction of the genes
from which are encoded, even though study and validation cohorts are composed by geographically
and culturally distinct groups of patients. In the next chapter, we will further discuss these findings in
the current state of the art regarding ancestry-associated discrepancies and TNBC development and
prognosis.
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1. OVERVIEW

Triple-negative (TNBC) is the breast cancer (BC) subtype that neither expresses estrogen
receptor (ER), nor progesterone receptor (PR), nor has Human Epidermal growth factor Receptor 2
(HER2) amplification. Consequently, TNBCs are defined by what they “lack” rather than what they
“have” and thus this negative nomenclature provides no actionable information on druggable targets.
Pertinently, only in 2020 the first targeted therapy was approved for TNBC, consisting in the
combination of the checkpoint inhibitor atezolizumab with nab-paclitaxel (Kang and Syed, 2020;
Schmid et al., 2020). However, this immunochemotherapy option is specifically for patients with
unresectable locally advanced or metastatic TNBC, in which the tumors have a PD-L1 expression = 1%
(Kang and Syed, 2020). Thus, most patients with TNBC are still heavily dependent on conventional
chemotherapy (CT), and the survival rate is dismal (Garrido-Castro et al., 2019; Saraiva et al., 2017).

Globally, TNBC accounts for 10-20% of all BC diagnoses. However, it has been recognized that
women of African-ancestry are twice as likely to develop TNBC than women of European/Caucasian
descent (P. Boyle, 2012; DeSantis et al., 2019), hereafter denominated as White patients, as stipulated
in TCGA race list.

TNBC in African-ancestry women present higher mortality rates compared to women of
European/Caucasian ancestry. Although factors for such disparity may include advanced disease stage
at diagnosis, socioeconomic status, and lack of access to the healthcare treatment, biological
disparities are one of the main factors involved in the ancestry-associated TNBC discrepancy (Grunda
et al,, 2012; Keenan et al., 2015; Siddharth and Sharma, 2018). While White and Asian women tend to
have TNBC with a later age of onset and less aggressive clinical course (Kwong et al., 2009; Lim et al.,
2009; Saraiva et al., 2017), African-ancestry women are often premenopausal (Carey et al., 2006; Huo
et al., 2009; Lund et al., 2009; Zaky et al., 2009), with a faster and more aggressive development of
TNBC, independent of other risk factors for BC (Stead et al., 2009). Additionally, whenever possible,
TNBC patients are treated with longstanding and costly conventional systemic treatment of classic
chemotherapy, which in many cases do not have any effect due to chemo-resistance or, in cases where
response to chemotherapy is positive, African-ancestry patients relapse faster when compared with
their White counterparts (Copson et al., 2014; Frasci et al., 2009). Overall, ancestry-specific molecular
mechanisms involved in the increased aggressiveness and earlier age of onset of TNBC in African-
ancestry patients are mostly unknown.

Therefore, identification of ancestry-associated markers should contribute to understand more
clearly the features of this disease in both populations. Additionally, this study may also contribute to
patients’ prognosis and establishment of more effective targeted therapies, potentially closing the
widening mortality gap between these populations

2. CHARATERIZATION OF TNBC PATIENTS

In this project, two groups of patients were used. Namely, for the computational analysis, the
group was comprised by African-American (AA) and White TNBC patients with RNA-sequencing (RNA-
seq) data from The Cancer Genome Atlas (TCGA); and for the validation of the selected molecules given
by the computational analysis, clinical samples from African-ancestry and White TNBC patients
diagnosed in the Portuguese Hospital Prof. Dr. Fernando Fonseca (HFF), were used.

Other authors have previously explored TCGA data in order to ascertain ancestry-associated
discrepancies in BC, and TNBC in particular, at molecular level (Ademuyiwa et al., 2017; Huo et al.,
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2017; Keenan et al., 2015; Koboldt et al., 2012; O’Meara et al., 2019; Polak et al., 2017; Stewart et al.,
2013). However, this study is one of the few to systematically examine ancestry-associated differences
at transcriptomic level with RNA-seq data in TNBC patients, with the particularity of considering
patients’ menopause status and TNBC pathological stage. Since African-ancestry women are frequently
diagnosed with TNBC at pre-menopause and/or with more advanced pathological stages of the
disease, and due to the fact that the molecular mechanisms that regulate this TNBC incidence are far
from being understood, we proposed to identify potential ancestry-specific markers involved in altered
pathways and cellular mechanisms in African-ancestry patients, associated to a menopause status and
a pathological stage of the disease.

Comparing our patients’ epidemiological characteristics with those from other studies, the
incidence of TNBC cases among TCGA’s AA BC patients is significantly higher than among White BC
patients (28.42 % vs 11.89 %, respectively, p < 0.0001), according to data collected on March 6, 2019,
following our method of selecting TNBC patients (Chapter lll, Section 1.1.2.). Previous TCGA studies
reported statistically significant results with the same tendency, namely Stewart et al. (Stewart et al.,
2013) in 2013 (18.87 % TNBC-AA vs 11.67 % TNBC-White patients), Keenan et al. (Keenan et al., 2015)
in 2015 (36.3 % TNBC-AA vs 13.7 % TNBC-White patients), Ademuyiwa et al. (Ademuyiwa et al., 2017)
in 2017 (33.3 % TNBC-AA vs 14.9 % TNBC-White patients), Huo et al. (Huo et al., 2017) in 2017 (36.4 %
AA basal-like BC patients vs 14.7 White basal-like BC patients) and O’Meara et al. (O’Meara et al., 2019)
in January 2019 (35.8 % TNBC-AA patients vs 16.4% % TNBC-White patients). TNBC incidence of
African-ancestry and White patients among BC cases from HFF was not estimated due to the small
sampling of TNBC and BC patients with information regarding patients’ self-described ancestry,
particularly in the case of White patients.

We also compared other epidemiological and clinical variables between the African-Ancestry
and White TNBC patients from TCGA and from HFF. Regarding the age of TNBC diagnosis between AA
and White patients, there were no significant differences in the groups of patients from TCGA (Chapter
IV, Section 1). On contrary, and being in line with earlier reports from other studies (Carey et al., 2006;
Huo et al.,, 2009; Lund et al., 2009; Zaky et al., 2009), African-ancestry patients from HFF were
diagnosed with TNBC at a significantly younger age than White patients (mean age 47.75 years vs 64.82
years, respectively, p = 0.007; Chapter IV, Section 6).

In line with these results, there were no significant differences between TNBC-AA and TNBC-
White patients from TCGA in respect to the menopause status. On the other hand, premenopausal
African-ancestry patients from HFF comprise 58.33% of all cases in that population, while,
interestingly, none of the White patients is premenopausal (58.33% vs 0, p = 0.010).

No significant differences were observed regarding the incidence rate of the different stages of
the disease at TNBC diagnosis between both populations from TCGA and HFF. Regarding the patients
from TCGA, these results were not surprising since previous studies based on TCGA data never
reported statistical significant differences regarding the number of patients of both ancestries
diagnosed in a specific stage of the disease (Ademuyiwa et al., 2017; Keenan et al., 2015; O’Meara et
al., 2019). Nonetheless, other studies reported a higher incidence of advanced stages (lll/1V) in TNBC
cases from African-ancestry patients, namely in non-Hispanic AA patients (Amirikia et al., 2011) and in
patients from Ghana (Stark et al., 2010).

Concerning TCGA patients’ survival up to 12 years of follow-up after initial diagnosis, although
not being statistically significant (log-rank p = 0.085), TNBC-AA patients have a lower survival
probability tendency than TNBC-White patients (Chapter IV - Figure 15a), as previous observed in other
TCGA-based studies (Ademuyiwa et al., 2017; Huo et al., 2017), and other epidemiological studies
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exploring the ancestry-associated discrepancy of TNBC (Copson et al., 2014; DeSantis et al., 2019;
Dietze et al., 2015a; Lund et al., 2009; Sullivan et al., 2014). After stratifying TCGA patients according
to menopause status and pathological stage of the disease, premenopausal and stage Il disease TNBC-
AA patients have significantly lower survival probability comparing with matching TNBC-White patients
(Chapter IV - Figure 15b and 15e, log-rank p = 0.019 and 0.0038, respectively). A similar tendency,
although not statistically significant, is observed when comparing postmenopausal patients (Chapter
IV - Figure 15c, log-rank p = 0.13). These results are in line with the mortality rate observed in past
studies, in which African-ancestry TNBC patients have a higher mortality rate when comparing with
White patients (Dietze et al., 2015a; Lund et al., 2009; Sullivan et al., 2014), particularly in younger
patients (Albain et al., 2009; DeSantis et al., 2019). Also, to our best knowledge, no studies were
previously performed regarding mortality rate or overall survival (OS) of these two populations
according to the stage of the disease at initial diagnosis. Hence, this is the first study reporting a
significantly lower survival probability in African-ancestry patients specifically associated to
pathological stage Il at TNBC diagnosis, when comparing with matching White patients. Two reasons
for this ancestry-associated TNBC discrepancy in the survival of stage Il disease patients might be
related to the fact that TNBCs in African-ancestry patients are reportedly enriched in populations of
poorly differentiated cells [28—-30], and due to increased genomic instability throughout the stage of
the disease [17]. Thus, we speculate that although this subgroup of TNBC-AA patients was initially
diagnosed with stage Il TNBC, a number of patients might have resisted systemic CT and the disease
relapsed and/or evolved faster than in the subset of stage || TNBC-White patients, leading to a lower
survival probability in TNBC-AA patients. Finally, the low mortality among patients diagnosed at stage
I, and the low survival probability in the groups of patients from both ancestries diagnosed at stage |l
were not surprising, since these are early and advanced stages of the disease, respectively. Survival
probability was not possible to ascertain in both groups of TNBC patients from HFF due to their small
numbers. Nonetheless, Hondrio et al. (Hondrio et al., 2016) observed that African-ancestry patients
were more frequently presented with late stage disease and worse survival outcome than the non-
African patients from HFF, regardless of BC subtype (median survival: 62 vs 15 months, p < 0.005).

3. DIFFERENTIAL GENE EXPRESSION PROFILE IN TNBC-AA PATIENTS

Diseases such as cancer are very complex, being controlled by many genes. Furthermore, most
oncogenes and tumor suppressor genes are signaling molecules themselves, each of which functions
to control the expression of a subset of downstream genes (Sager, 1997; Vogelstein, Bert; Lane, David;
J. Levine, 2000). Thus, differential gene expression analysis (DGEA) is one of the most widely used
strategies for discovering and understanding the molecular circuitry underlying cancer (Liang and
Pardee, 2003), as well as finding new potential targets (Xue et al., 2020).

RNA-seq uses the capabilities of high-throughput sequencing methods to provide insight into
the transcriptome of a sample. Compared to previous Sanger sequencing- and microarray-based
methods, RNA-seq provides far higher coverage and greater resolution of the dynamic nature of the
transcriptome (Wang et al., 2009). Thus, RNA-seq studies possess great potential to provide novel
insights into the pathogenesis of complex diseases such as cancer. This study systematically applied
bioinformatic methods to identify new ancestry-associated markers with roles in signaling pathways
and cellular mechanisms involved in the development and progression of TNBC in African-ancestry
women. DGEA was performed between groups of TNBC-AA and TNBC-White patients controlling for
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the same conditions. Such contrasts controlled for either the same menopause status, the same
pathological stage of the disease, both conditions, or neither of them, accounting for all TNBC cases in
that case (for more information, consult Chapter lll, Section 1.3.1.1.1.). By performing DGEA of each
contrast, our aim was to identify differentially expressed genes (DEG) in TNBC-AA patients associated
to one, or more, of the menopause and staging variables, since others (Chang et al., 2018; DeSantis et
al., 2019; Huo et al., 2017; Keenan et al., 2015; Lindner et al., 2013; Polak et al., 2017; Stewart et al.,
2013; Sugita et al., 2016) and our results concerning patients’ survival probability (Chapter IV, Figure
15) suggest that biological differences are involved in a more aggressive TNBC disease in African-
ancestry patients. DEG identified in TNBC-AA patients from TCGA, according to patient’s menopause
and/or staging of the disease, are potentially involved in the characteristics that make TNBC more
aggressive in African-ancestry patients than in patients with other ancestries.

Before performing DGEA, MDS plots were designed to show the gene expression profile distance
between patients, in two dimensions. MDS plots confirmed that there is a distinct gene expression
profile between TNBC-AA patients and AA patients diagnosed with Hormone receptor (HR) positive
and HER2+ BCs (Chapter IV, Figure 17a). Additionally, transcriptomes of AA patients diagnosed with
HR+ and HER2+ are more similar to each other than to transcriptomes of patients with TNBC,
corroborating the idea that TNBC is a BC entity with more distinct characteristics than other less
serious, more homogeneous and well characterized BC subtypes, as previously suggested (Huo et al.,
2017; Stewart et al., 2013) (Chapter IV, Figure 17b).

Finally, ancestry-associated discrepancies in disease severity and previous reported differences
(Chang et al., 2018; Huo et al., 2017; Keenan et al., 2015; Lindner et al., 2013; Stewart et al., 2013;
Sugita et al., 2016), motivated further analyses taking into consideration the data substructure. Thus,
the first part of this project consisted in the identification of DEG between TNBC-AA patients and
matching White patients, evaluating the contribution of patients’ menopause status and pathological
stage of the disease.

3.1. Power and sample size

Grouping patients in order to identify DEG associated specifically with a menopause status, a
pathological stage of the disease, or both, caused a decreased number of patients to be included in
the contrasts. However, although a larger sample size would be more suitable in the contrasts with
less patients included, we are confident in our results, as explained below.

In the specific case of this study, the power of the differential expression test is the probability
of finding statistically significant DEG between AA and White patients as a function of the dimension
of the true differences between these two populations. Thus, the more distant the expression profile
between the two groups of patients, the higher the power. In other words, if the true difference is
high, then the test can have high power even with low sample sizes (Jones et al., 2003; Li et al., 2019).
We also implemented a strong stringency in our analysis, including filtering out genes that do not reach
10 CPM in at least two libraries in each group in a contrast (Chapter lll — Section 1.3.1.1.4.),
implementing the TREAT function when testing for differentially expressed genes (Chapter Ill — Section
1.3.1.1.9.), and considering a gene as differentially expressed when FDR < 0.05. For these reasons, even
when the groups in a contrast have a small number of patients, we are confident that our results are
robust.

142



CHAPTER V - Discussion

In fact, edgeR package allows for differential expression tests even with only one biological
replicate [45]. edgeR authors acknowledge that RNA-seq is not only an expensive technology as
sometimes happens that only one or two libraries are available for a specific condition [45].

3.2. Ancestry-associated disparity is more pronounced according to disease’s
progression than to menopause status

Differential gene expression analysis of the contrasts including patients diagnosed with stage |l
disease (32 TNBC-AA vs 59 TNBC-White patients) and postmenopausal stage Il disease patients (22
TNBC-AA vs 36 TNBC-White) resulted in a higher number of DEG (1776 and 1360 DEG, respectively)
than the contrast with all TNBC patients. Interesting, the contrast controlling for post-menopause
status (32 TNBC-AA vs 57 TNBC-White), although having 22 AA and 37 White patients in common with
the contrast controlling for stage Il disease, resulted in a considerably lower number of DE genes (718
DEG). Thus, although TNBC has a discrepant age of onset when comparing African-ancestry and White
patients, as reported in other studies (Carey et al., 2006; Huo et al., 2009; Zaky et al., 2009) and in the
group of TNBC patients from HFF (Chapter IV, Section 6), our results suggest that differences in
ancestry-associated transcriptomic programs in TNBC patients are more pronounced when associated
with the stage progression of the disease than with patients’ hormonal differences associated with
their menopause status. In the case of stage Il disease TNBC, and as previously discussed in this Chapter
(Section 2), these results also support the hypothesis that stage Il may be the turning point in the
uneven aggressive behavior of TNBC in African-ancestry patients.

3.3. Expression profile of early stage TNBC-AA patients suggests preponderance for
chemo- resistance and higher fatty acid metabolism

Discrepancies in TNBC development and prognosis in African-ancestry patients, when
comparing with patients from other ancestries, although subtle, if present in the early stage of the
disease, can allow for more pronounced differences throughout TNBC’s progression.

Only the contrast with premenopausal stage | disease patients (2 TNBC-AA vs 7 TNBC-White
patients) did not resulted in statistically significant DEG (Chapter IV, Table 18). This may be due to the
fact that, in the early development of TNBC, transcriptional program differences among African-
ancestry and White patients are subtle, particularly in younger patients. On the other hand, DGEA of
post-menopause stage | disease patients (3 TNBC-AA vs 11 TNBC-White patients) resulted in 10
upregulated genes in TNBC-AA patients (Chapter IV, Table 18). Interestingly, most of these
overexpressed DEG, which are involved in detoxifying mechanisms and fatty acid metabolism (Chapter
IV, Table 19), are common among the DGEA with stage | patients, independently of menopause status
(Supplementary - Matching DEG file). Overexpressed genes include GSTM5, GSTM2, GUSB, GSTT2B or
FMO5 (Chapter IV — Table 19), which are normally involved in cellular detoxification of toxic
compounds, such as products of oxidative stress, environmental pollutants and carcinogens, through
neutralization of their electrophilic sites and production of stable and soluble compounds, which are
easily excreted from the organism. Nonetheless, upregulation of these enzymes may also promote
detoxification of cytotoxic chemotherapeutic agents and, consequently, may promote chemo-
resistance (Coles and Kadlubar, 2003; Matejcic et al., 2011; Thodberg and Neilson, 2020). Furthermore,
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overexpression of genes such as ACSL3, IDI1, ELOVL5 or AACS (Chapter IV, Table 19) are involved in
fatty acid metabolism and lipid biosynthesis. During tumorigenesis, cancer cells rely on de novo
biosynthesis and fatty acid uptake to not only sustain their rapid proliferative rate, but also provide an
essential energy source during conditions of metabolic stress (Koundouros and Poulogiannis, 2020).
However, the role of each of these genes in carcinogenesis still needs further clarification.
Interestingly, and in line with what was observed in stage | disease TNBC-AA patients, ACSL3 is
reportedly downregulated in MDA-MB-231 TNBC cell line (Wright et al., 2017), which belongs to a
White women, and in a cohort of Korean TNBC patients (Jeong et al., 2017).

Interestingly, it should be noted that, of all these upregulated genes involved in cellular
detoxification or lipid metabolism, only GSTM5 and GSTM2 belong to a chromosomic cluster. Hence,
although these genes share similar functions, their joint upregulation is not due to an amplification of
the same chromosomic region. Altogether, these results suggest that early stage TNBC-AA patients
show increased expression of genes involved in drug resistance and lipid metabolism, which may
contribute to cancer progression.

However, this hypothesis requires some caution, since there are only 3 TNBC-AA patients in this
contrast (Chapter lll, Table 8), and one patient in particular is highly expressing all of these 10 DEG
(Chapter IV, Figure 28).

3.4. PIK3CA is overexpressed in premenopausal and stage lll disease TNBC-AA patients

Among the contrasts with premenopausal and/or stage Il disease patients, PIK3CA is the most
statistically significant upregulated gene in TNBC-AA patients (FDR = 3.87E-08 in the pre-menopause
contrast, 9 TNBC-AA vs 29 TNBC-White patients; FDR = 3.13E-05 in the stage Ill disease contrast, 10
TNBC-AA vs 12 TNBC-White patients; and FDR = 4.36E-08 in the pre-menopause stage Il disease
contrast, 2 TNBC-AA vs 4 TNBC-White patients; Supplementary - DGEA file, eTables 2, 6 and 9;
Supplementary - Matching DEG file). In fact, only the contrast with postmenopausal stage Il disease
patients (7 TNBC-AA vs 6 TNBC-White patients), does not have PIK3CA as a DEG. In turn, this contrast
has KCND2 and PLAU (Chapter IV - Table 21, FDR = 1.75E-02 and 2.34E-02, respectively), which, to our
knowledge, are uncorrelated to each other, as the only statistically significant downregulated genes.

PIK3CA and PI13K network has been widely studied in TNBC (Basho et al., 2017; Costa et al., 2018;
De et al., 2014; Massihnia et al., 2016; Shah et al., 2012). PI3K-Akt-mTOR (PAM) uncontrolled activation
represents a profound disturbance in the regulation of cell growth and survival, which ultimately leads
to a competitive growth advantage, metastatic competence, angiogenesis, and therapy resistance
(Porta et al., 2014). Thus, this complex pathway has been taken into consideration as one of the most
attractive targets for the development of anticancer agents (Costa et al.,, 2018; De et al., 2014;
Hennessy et al., 2005; Saini et al., 2013). In TNBC, overexpression or activating mutations of PI3K
catalytic subunit a, PIK3CA, can lead to oncogenic activation of the PAM pathway (Cossu-Rocca et al.,
2015). Remarkably, TCGA’s BC-AA patients have fewer somatic mutations in PIK3CA when compared
with BC White patients (20.0 % vs 33.9 %, p = 0.003 in Keenan et al. (Keenan et al., 2015), and 23 % vs
34 %, p =0.021 in Ademuyiwa et al. (Ademuyiwa et al., 2017)). Nonetheless, this ancestry-associated
discrepancy in PIK3CA mutational prevalence was not observed in TNBC patients, and authors did not
investigated PIK3CA differential expression (Ademuyiwa et al., 2017; Keenan et al., 2015).
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Although interesting, the observed PIK3CA overexpression in premenopausal and/or stage Il
disease TNBC-AA patients, must be interpreted with caution, as this result might reflect a particular
overexpression of this gene in two TNBC-AA patients (Chapter IV, Figures 21b and 26b, respectively).
Interestingly, the other overexpressed gene found in these two premenopausal stage Il disease TNBC-
AA patients is ZMAT3 (Chapter IV - Table 20), a gene that is located in the same chromosomic region
as PIK3CA, at 3926.32. These observations suggest that these two premenopausal stage Ill disease
patients must have such a large duplication in the chromosomic region covering PIK3CA and ZMAT.

To our best knowledge, PIK3CA overexpression was never associated with a younger age of
onset nor with patients of African-ancestry, although PAM pathway activation has been reportedly
associated with TNBC development and chemo-resistance (Costa et al., 2018; De et al., 2014; Hennessy
et al.,, 2005; Porta et al., 2014; Saini et al.,, 2013). It would be interesting to validate PIK3CA
overexpression in a larger cohort of young African-ancestry patients with advanced TNBC, even more
considering that there is no ancestry disparity in the prevalence of somatic mutations in this gene in
TNBC (Ademuyiwa et al., 2017; Keenan et al., 2015), which are known to promote activation of PAM
pathway.

4. ALTERED PATHWAYS, CELLULAR MECHANISMS AND NETWORKS

Through DGEA results, gene set enrichment analysis (GSEA) and Ingenuity Pathway Analysis
(IPA) network design feature, were performed to predict signaling pathways, cellular mechanisms and
genes regulating altered networks involved in the observed ancestry-associated discrepancy of TNBC.

Although studies reported that although African-ancestry patients have a higher incidence of BC
and TNBC at younger age than matching White patients (Carey et al., 2006; Huo et al., 2009; Lund et
al., 2009; Zaky et al., 2009), patients from our study cohort are more frequently postmenopausal, as
observed in other studies (Lund et al., 2009; Stead et al., 2009; Stewart et al., 2013), and diagnosed at
the pathological stage Il of the disease (Ademuyiwa et al., 2017; Amirikia et al., 2011; Huo et al., 2017,
Keenan et al., 2015; Lund et al., 2009; Stewart et al., 2013). Thus, although GSEA and IPA’s core analysis
were performed using the complete list of genes obtained through DGEA from all the contrasts
(Supplementary - DGEA file), here, most of the findings | highlight are regarding to postmenopausal
and/or stage Il AA patients since the DGEA results showed that in these conditions AA and White TNBC
patients have more pronounced differences. Hence, further analysis of these contrasts has the greatest
potential to result in important discoveries.

4.1. Hippo signaling pathway is decreased in TNBC-AA patients

Hippo signaling pathway was found to be the most enriched gene set, being downregulated in
the contrasts with all TNBC patients, postmenopausal, stage Il and postmenopausal stage Il patients
(Chapter IV, Figures 32 and 33, and Supplementary — GSEA file eTables 1, 3, 5 and 11, respectively).

The Hippo signaling pathway is not only considered an important player in organ growth and
size maintenance as dysregulation of this pathway also contributes to cancer development (Johnson
and Halder, 2014; Zhao et al., 2010, 2008). Simply put, the main function of the Hippo pathway is to
negatively regulate the activity of Yes-associated protein (YAP) and transcriptional co-activator with
PDZ-binding motif (TAZ), two homologous transcriptional co-activators that are the main downstream
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mediators of the Hippo pathway (Hong and Guan, 2012). The Hippo core module, composed by the
kinases large tumor suppressor homolog 1 (LATS1) and LATS2, and by the kinases mammalian STE20
like protein kinase 1 (MST1) and MST2, as well as by the adaptor proteins Salvador homolog 1 (SAV1),
MOB kinase activator 1A (MOB1A), MOB1B, carries out an inhibitory phosphorylation of TAZ and YAP
(Johnson and Halder, 2014). Thus, the Hippo pathway is considered to be in the active state when the
MST and LATS kinases are active (Johnson and Halder, 2014), as showed in Figure 51a.

Contributing to the negative net direction of the Hippo signaling pathway gene set, LATS1, a
tumor suppressor gene (St John et al., 1999), is downregulated in postmenopausal and/or stage Il
TNBC-AA patients (Chapter IV, Figure 33), comparing with their White counterparts. LATSI
downregulation has been associated with more aggressive forms of cancer (Britschgi et al., 2017; Jiang
et al., 2006; Steinmann et al., 2009; Takahashi et al., 2005), including basal-like BC and TNBC (Furth et
al., 2018). Also, LATS1 depletion in BC cell lines increases cancer cell plasticity and expression of basal-
like features and, in BC patients, is associated with increased resistance to hormone therapy with
tamoxifen (Furth et al., 2018).

Decreased expression of the Hippo pathway components, such as LATS1, as well as other
pathway-extrinsic cues that may, activate YAP and TAZ, promoting the transcription of target genes
involved in several biological processes, such as cell proliferation and competition, cell death
inhibition, epithelial-to-mesenchymal transition (EMT), tumor metastasis, and tumorigenesis (Harvey
et al., 2013; Lei et al., 2008; Marti et al., 2015; Piccolo et al., 2014; Zanconato et al., 2016; Zhao et al.,
2010) (Figure 51b). The most recent studies also demonstrate that YAP/TAZ is required to sustain the
self-renewal and tumor-initiation capacities of cancer stem cells (CSCs) (Hayashi et al., 2015; Lian et
al., 2010) (Figure 51b).

Although YAP and TAZ are not differentially expressed in TNBC-AA patients, comparing with
matching White patients (Supplementary - DGEA file, eTables 1, 3, 5 and 11), a decreased expression
of the Hippo signaling pathway may promote an increased activation of YAP/TAZ. In TNBC and basal-
like BC, high YAP/TAZ activity correlates with bioactivity of CSCs, high-grade histology, and metastasis
(Bartucci et al., 2015; Cordenonsi et al., 2011; Diaz-Martin et al., 2015; Kim et al., 2015; Liu et al., 2018;
Zhao et al., 2010). Thus, as expected, patients’ prognosis is impaired with attenuation of Hippo
signaling pathway and, accordingly, by a higher activity of YAP/TAZ. In a retrospective study where TAZ
and YAP expression was assessed in TNBC samples, the combined expression of YAP in TNBC cells and
in the surrounding stroma seems to be associated with a decreased likelihood of patients achieving
pathological complete response (pCR). Conversely, the combined expression of TAZ and YAP in tumor
cells conferred poor survival outcomes (Vici et al., 2016).

Therapeutic intervention for TNBC would involve reducing or inhibiting the oncogenic function
of YAP and/or TAZ. However, to date, few small molecule inhibitors have been discovered that target
the Hippo pathway, and the prevalent view is that most Hippo pathway signaling components are not
conventional drug targets. Possibly, inhibiting YAP and TAZ function may require targeting protein-
protein interactions (Li et al., 2018), since not only YAP and TAZ are transcriptional co-activators with
no known catalytic activity as, to our knowledge, no known upstream regulators that specifically
promote YAP and TAZ activity have demonstrated enzymatic activity (Harvey et al., 2013; Johnson and
Halder, 2014; Yu and Guan, 2013). A further obstacle is that YAP and TAZ are essential for tissue repair
and regeneration in some contexts (Brandao et al., 2019; Grusche et al., 2011; Karpowicz et al., 2010;
Sun and Irvine, 2011; Xin et al., 2013), raising questions as to whether systemic and chronic
manipulation of Hippo signaling might have potential deleterious side effects on normal tissue function
and homeostasis. Thus, the development of small-molecule modulators of Hippo signaling,
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Figure 51 Schematic represenation of the Hippo signalling pathway components and how they interact. a
Activated Hippo pathway - MST1 or MST2 phosphorylate SAV1 and, together, they phosphorylate and
activate MOB1A, MOB1B, LATS1 and LATS2 kinases, which then phosphorylate YAP and transcriptional co-
activator with TAZ. Phosphorylated YAP and TAZ are sequestered in the cytoplasm by the 14-3-3 protein and
shunted for proteasomal degradation. As a result, the TEA domain-containing sequence-specific
transcription factors (TEADs) associate with the transcription cofactor vestigial-like protein 4 (VGL4) and
suppress target gene expression. b Inativated Hippo pathway - MST1, MST2, LATS1 and LATS2 kinases are
inactive, so YAP and TAZ are not phosphorylated and instead accumulate in the nucleus where they relocate
VGL4 and form a complex with TEADs, promoting the expression of target genes involved in cell survival,
proliferation, metastasis, stem cell maintenance, regeneration and cell competiton. Created with Biorender.
Adapted from Harvey et al., 2013 and Johnson et al., 2014.

4.2. Cellular community and cell motility gene sets are negatively regulated in TNBC-
AA patients

We observed that all the enriched gene sets involved in cellular community and cell motility,
from the comparisons between all TNBC patients, postmenopausal, stage Il and postmenopausal stage
Il patients, are downregulated in TNBC-AA patients (Chapter IV, Figure 32 and Supplementary - GSEA
eTables 1, 3, 5 and 11, respectively). Those gene sets include tight junctions, signaling pathways
regulating pluripotency of stem cells, focal adhesion, gap junction, regulation of actin cytoskeleton and
adherens junction (Chapter IV, Figure 34a-f, respectively). Interestingly, although being evenly
downregulated in TNBC-AA patients, these enriched gene sets are composed by widely different DEG
(Chapter IV, Figure 34).
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The ability of epithelial cells to organize in a community through cell-cell contacts, involving
reorganization of the actin cytoskeleton into a functioning epithelium, serves the purpose of a tight
epithelial protective barrier. In epithelium-derived cancers, such as TNBC, intactness of the primary
tumor mass is influenced by intercellular structures as well as cell-cell adhesion (Cavallaro and
Christofori, 2004). Irregularities of these factors may lead to tumor dissociation and subsequent
metastasis (Bogenrieder and Herlyn, 2003). Figure 52 displays a simplified schematic representation of
the epithelial intercellular junctions and its components, which are fundamental pieces in organization,
communication and motility of epithelial cells. These proteins mediate firm mechanical stability, assist
as a gatekeeper for paracellular pathways, and help in preserving tissue homeostasis (Bhat et al.,
2019).

Junction Components
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Figure 52 Schematic representation of epithelial intercellular junctions and its components in
vertebrate cells. Adapted from Bhat et al., 2019.

Tight junctions (TJs) are among the structures that preserve cell adhesiveness of the tumor mass,
suppressing cell proliferation (Matter and Balda, 2007). TJ proteins, such as occluding, claudin or
junctional adhesion molecules (JAMs), are involved in maintaining cell polarity, in establishing organ-
specific apical domains and also in recruiting signaling proteins involved in the regulation of various
important cellular functions including proliferation, differentiation, and migration. The
downregulation of TJ proteins leads to the loss of cell-cell associations and cell contact inhibition that
results to uncontrolled growth, loss of adhesion to the basement as well as its degradation, essential
for cancer cells to grow and metastasize (Martin and Jiang, 2009).

Similar to TJ, adherens junctions (AJ) complex is also involved in the formation and maturation
of cell-cell contacts. While TJ regulate the paracellular pathway for the movement of ions and solutes
in-between cells, Al initiate cell-cell contacts and mediate the maturation and maintenance of the
contact. AJ, which are usually more basal than TJ, are composed of cadherin receptors that bridge the
neighboring plasma membranes via their homophilic interactions. Transmembrane cadherins
associate with cytoplasmic proteins, catenins, which in turn bind to cytoskeletal components, such as
actin filaments and microtubules (Hartsock and Nelson, 2008; Meng and Takeichi, 2009). Studies
reported that loss of epithelial AJ, particularly E-cadherin, is involved in altered cell morphology and
metastasis and tissue invasion in TNBC (Eades et al., 2015; Gwin et al., 2010; Lopes et al., 2012).

The third type of cell junctions, gap junctions (GJ), comprise arrays of intercellular channels
formed by connexin proteins and provide for the direct communication between adjacent cells. This
type of intercellular communication allows the coordination of cellular activities and plays key roles in
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the control of cell growth and differentiation, and in the maintenance of tissue homoeostasis (Aasen
et al., 2019; Leithe et al., 2006). Studies report that cancer cells have indeed downregulated levels of
gap junctions, and several lines of evidence suggest that loss of gap junctional intercellular
communication is an important step in carcinogenesis (Aasen et al., 2019; Leithe et al., 2006). In fact,
several connexin knockout mouse models have supported the notion that connexins have tumor
suppressive functions (Aasen et al., 2016). Connexin 43 (Cx43, GJA1) is the most frequently studied
connexin in BC (Aasen et al., 2019), being often downregulated (Kazan et al., 2019; Teleki et al., 2014).
GJA1 is downregulated in TNBC-AA patients in all contrasts, however it is never significantly
differentially expressed (i.e., FDR > 0.05). Nevertheless, GJA1 downregulation and knock-down was
reported to induced a mesenchymal phenotype with increased cell invasion leading to an enhanced
metastatic phenotype (Kazan et al., 2019) and being associated with a poor prognosis in TNBC patients
[111].

Interestingly, and contrary to the downregulation observed in the focal adhesion gene set
(Chapter IV, Figure 32), focal adhesion kinases (FAKs) are usually significantly overexpressed in invasive
and metastatic TNBC (Gari et al., 2016; Taliaferro-Smith et al., 2015). FAKs are non-receptor tyrosine
kinases, being the most prominent signaling molecules in focal adhesions, hence its namesake. In order
to metastasize, cancer cells must lose attachment with neighboring tumor cells and adopt the ability
to migrate, attach to, and invade through the epithelial basement membrane. This is a complex process
primarily orchestrated through the formation, stabilization and remodeling of focal adhesion
complexes composed of FAK, integrins, ERK, Src and numerous adaptor proteins and downstream
effectors, such as RhoGTPases, that collectively regulate EMT and trigger activation of cell migration
and invasion programs (Burridge and Chrzanowska-Wodnicka, 1996; Wozniak et al., 2004; Zhao and
Guan, 2009). FAKs activation by integrins in transformed cells in the absence of adhesion signal was
proposed to be responsible for anchorage-independent growth of these cells, a hallmark of cancerous
cells (Zhao and Guan, 2009). Furthermore, activation of FAK in cell adhesion protects cells from anoikis,
a form of apoptosis induced by cell detachment from the extracellular matrix (ECM) (Frisch et al.,
1996). Thus, dynamic regulation of FAKs activity contributes to tumorigenesis through promotion of
cell survival, proliferation and metastasis. For these reasons, molecular targeting FAKs, promoting its
downregulation, or upregulating its upstream regulators, such as the tumor suppressor PTEN (Zhang
et al., 2014), are potential strategies for cancer therapy (Selvendiran et al., 2010). Having in mind the
more aggressive behavior of TNBC development reported in African-ancestry women, including
metastasis formation, the fact that TNBC-AA patients show a negative net direction of the focal
adhesion gene set may be due to a number a reasons, such as the fact that genes included in the focal
adhesion gene sets, which are not statistically significant (i.e., FDR > 0.05), are influencing the result.
Another reason may be the effect of the downregulation of EGFR, observed in the gene sets with
postmenopausal and/or stage Il TNBC-AA patients (Chapter IV, Figure 34c and Supplementary - GSEA
file, eTables 1, 3, 5 and 11). Mechanistically, EGF modulates adhesion in a dual fashion, by firstly
redistributing focal adhesion elements to adhesion sites, but also by amplifying levels of activated
RhoA antagonist p190RhoGAP, important for cell motility. Thus, EGF response underlies an EGFR-
integrin cross-talk which involves the recruitment of receptor proximal FAK and Src, and MAP kinase
and p190RhoGAP as receptor distal events, promoting cell mobility and metastasis (Eberwein et al.,
2015). In turn, low EGFR expression was reported to promote inhibition of FAKs, causing detachment
and apoptosis via pathways involving activation of caspase-3 and -8, cleavage of poly(ADP-ribose)
polymerase, and caspase-3-dependent degradation of AKT, in BC cell lines (Golubovskaya et al., 2002).
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Signaling pathways regulating pluripotency of stem cells gene set is also downregulated in TNBC-
AA patients (Chapter IV, Figure 32). Very little is known regarding breast CSC patterns African-ancestry
women (Jiagge et al., 2018), although some studies suggest that African-ancestry patients have BC
cases enriched with breast CSC markers (Ginestier et al., 2007; Jiagge et al., 2018; Nalwoga et al., 2010;
Schwartz et al., 2013) (Chapter |, Section 3.3.2.5.). Hence, the rather surprising observation that TNBC-
AA patients have a negative regulation of the genes involved in pluripotency of stem cells. However,
interestingly, studies suggested that downregulation of proteins involved in GJ, as observed in the
downregulation of GJ gene set in TNBC-AA patients (Chapter IV, Figure 32), might be associated with
CSC characteristics (Beckmann et al., 2019). Thus, given that gene sets from the cellular community
and mobility KEGG collection are interconnected, although the signaling pathways regulating
pluripotency of stem cells gene set has a negative net direction in TNBC-AA patients, when comparing
with matching TNBC-White patients, this result is possibly being influenced by the genes also involved
in other gene sets from this collection.

Similarly, regulation of actin regulation of actin cytoskeleton gene set with a negative net
direction is expected, since both TJ and AJ complexes are associated with the actin cytoskeleton, and
formation and maturation of cell-cell contacts involves reorganization of the actin cytoskeleton
(Hartsock and Nelson, 2008).

Allin all, the results observed regarding the cellular community and mobility gene sets in TNBC-
AA patients suggest that TNBCs in this population might have a higher preponderance for the loss of
cell-cell associations and cell contact inhibition and, consequently, for a higher cell proliferation, cell
mobility and metastasis formation and tissue invasion, when comparing with matching TNBC-AA
patients.

4.3. African-ancestry women have a higher activation of components and processes
involved in BC development

Interestingly, the enriched Breast Cancer gene set is upregulated in TNBC-AA patients, when
comparing with their White counterparts (Chapter IV, Figures 32 and 35). BC gene set is composed by
well-known genes involved in the different subtypes of BC, including TNBC. According to KEGG's
information regarding BC gene set “In patients suffering from TNBC, the deregulation of various
signaling pathways (Notch and Wnt/B-catenin) and EGFR protein have been confirmed”
(https://www.genome.jp/kegg-bin/show pathway?hsa05224, as of June 8, 2020). Accordingly, genes
involved in the Notch and Wnt/B-catenin pathways, such as WNT7, WNT5B, FZD9, FZD8, NOTCH3, MYC
or CTNNB1, as well as EGFR itself, are among the DEG included in the BC gene set (Chapter IV, Figure
35).

Thus, the upregulation of the BC gene set in TNBC-AA patients, which includes genes and
pathways that promote the activation of components and processes involved in tumorigenesis, may
be translated into TNBC's faster progression, more aggressive behavior and lower survival probability
observed in these patients, comparing with White patients.
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4.4. MAPK signaling pathway is upregulated in stage Il disease TNBC-AA patients

It was observed that MAPK signaling pathway gene set is exclusively upregulated in stage Il
disease AA patients, comparing with matching White patients (Chapter IV, Figure 32). Mitogen-
activated protein kinase (MAPK) pathways are an extensive regulatory network consisting of a series
of cross-talking and compensatory pathways affecting a variety of cellular processes, including
proliferation, differentiation, apoptosis, stress responses, growth signals and metabolism (Guo et al.,
2020; Plotnikov et al., 2011). Thus, deregulation of this highly interconnected signaling cascade is
frequently involved in oncogenesis, tumor progression, and drug resistance (Braicu et al., 2019; Guo
et al., 2020). In fact, due to a high degree of interactions and possible compensatory responses, most
MAPK inhibitors trigger resistance due to the activation of compensatory feed-back loops in tumor
cells and tumor microenvironment components (Braicu et al., 2019). Nonetheless, an insight into these
compensatory mechanisms promoting chemoresistance is still lacking (Braicu et al., 2019). In TNBC
patients, it was observed that an increased genomic or transcriptomic activation of the MAPK signaling
pathway was correlated to a reduced amount of tumor-infiltrating lymphocytes (TIL) in the residual
disease after neoadjuvant-chemotherapy (NACT), which resulted in a poorer prognosis and survival of
these patients (Loi et al., 2016). Accordingly, high levels of TILs in the tumor are predictive of
pathological complete response (pCR) to NACT, and increased disease-free survival and overall-survival
(OS) of TNBC patients (Adams et al., 2014; Loi et al., 2014). Although the mechanism has not yet been
elucidated, authors speculate that, if MAPK activity can suppress expression of MHC-1 and MHC-II, both
intrinsically and those induced by IFNBy, according to their results (Loi et al., 2016), then tumor cells
can circumvent antigen presentation pathways by activating the MAPK pathway, reducing TIL
recruitment (Loi et al., 2016). Jiang et al. (Jiang et al., 2020) also observed an increased expression of
MAPK in TNBC tissue. These authors observed that the positive expression rates of MAPK in patients
with lymph node metastasis, advanced clinical stage, tumor recurrence and metastasis was higher than
those without. Also, patients with positive expression of MAPK in TNBC tissues had poorer prognosis
and lower overall survival times than those without expression (Jiang et al., 2020).

Thus, the increased activation of MAPK signaling pathway specifically in TNBC-AA patients
presenting stage Il disease at diagnosis may be contributing to the observed lower survival of this group
of patients when comparing with their White counterparts.

4.5. EGFR expression is reduced in TNBC diagnosed in African-ancestry patients

We observed that EGFR expression is downregulated in TNBC-AA patients (Supplementary —
DGEA file eTables 1, 3, 5 and 11). Remarkably, EGFR is frequently reported as being overexpressed in
TNBC, and its high expression and copy number variation recognized as a factor of poor prognosis and
associated with shorter disease-free survival and aggressive biological properties of TNBC (Ali and
Wendt, 2017; Foidart et al., 2019; Nakai et al., 2016; Nielsen et al., 2004; Park et al., 2014; Viale et al.,
2009).

Furthermore, EGFR is involved in a number of significantly enriched KEGG gene sets (Chapter IV,
Figure 32), such as MAPK, Ras, Phospholipase D, PI3K-Akt, Rap1, FoxO, ErbB2, Jak-STAT and HIF-1
signaling pathways from the Signaling transduction collection; all Cellular community and motility gene
sets except for TJ and Signaling pathways regulating pluripotency of stem cells gene sets; Oxytocin and
Estrogen signaling pathways from the Endocrine system collection; Pathways in cancer; Breast cancer,

151



CHAPTER V - Discussion

Proteoglycans in cancer, MicroRNAs and EGRF tyrosine kinase inhibitor resistance from the conjoint
collection of Cancer: overview and Drug resistance: antineoplastic. Interestingly, with few exceptions,
almost all of these enriched gene sets follow the same negative net direction as EGFR expression in
TNBC-AA patients.

IPA’s core analysis also revealed EGFR as one of the top central network regulators in the groups
with all TNBC-AA patients, postmenopausal, stage Il disease and postmenopausal stage Il disease
TNBC-AA patients (Chapter IV, Figure 37 and Supplementary - Networks file eTables 1, 3, 5 and 7,
respectively). Interesting, complementing the suggested EGFR influence in the KEGG collection of
Cellular community and mobility gene sets, “Cellular Movement” was one of the top diseases and
functions associated with the EGFR network design in the contrasts with all TNBC patients, stage Il
disease patients and postmenopausal stage Il disease patients (Chapter IV, Figure 37, a, c and d,
respectively).

Given these contrasting results between the low expression of EGRF observed in TNBC-AA
patients from the TCGA and the reportedly EGFR activation and overexpression paradigm in cancer
and TNBC (Ali and Wendt, 2017; Nakai et al., 2016) (Chapter I, Section 3.2.4.), EGFR protein expression
was further validated through immunohistochemistry (IHC) of formalin-fixed paraffin-embedded
(FFPE) tissue samples from TNBC patients followed in Portugal. We observed that EGFR protein was
significantly less expressed in African-ancestry patients than in White patients (Chapter IV, Figures 46
and 47).

Furthermore, EGFR is not differentially expressed in normal-adjacent BC tissue from AA patients
when comparing with matching White patients (Supplementary - DGEA file, eTable 13), nor in TNBC-
AA when comparing with normal-AA cases (Supplementary - DGEA file, eTable 14). Additionally, EGFR-
AS1, the EGFR Antisense RNA 1, is also downregulated in TNBC-AA patients, in the same groups of
patients as EGFR (Supplementary - DGEA file, eTables 1, 3, 5 and 11), suggesting that, indeed, there is
no amplification of the EGFR chromosomic location in TNBC-AA patients. Furthermore, a recent TCGA-
based work (Omilian et al., 2020) confirmed that White-TNBC patients tend to have a higher copy
number variation (CNV) in the EGFR region, when comparing with TNBC-AA patients. Nonetheless,
those results were not statistically significant (Omilian et al., 2020).

EGFR belongs to the ErbB family of receptor tyrosine kinases (RTKs) and exerts critical functions
in epithelial cell physiology (Schlessinger, 2014). EGFR is a transmembrane protein comprising an
extracellular ligand binding domain, transmembrane domain, and cytoplasmic tyrosine kinase domain
(Burgess, 2008; Hynes and MacDonald, 2009; Yarden, 2001). EGFR transphosphorylation, which usually
occurs in response to ligand stimulation, such as EGF, leads to the activation of the intracellular
signaling cascade. Briefly, when EGFR is transphosphorylated it forms a dimer, turning on its kinase
activity, followed by autophosphorylation at multiple tyrosine residues in the intracellular region to
recruit various substrates. EGFR activation promotes crucial cellular functions, such as cell
proliferation, motility, and survival via activation of a myriad of downstream signaling pathways,
including Ras-Raf-MEK-ERK (MAPK), PI3K-AKT-mTOR, or Src-STAT3 (Schlessinger, 2014; Yarden and
Sliwkowski, 2001). Ligand-activated EGFR molecules are then ubiquitinated, internalized, and isolated
in endosomes (Sigismund et al., 2018). Furthermore, EGFR can also translocate into the nucleus, being
involved in transcriptional regulation, DNA replication, and DNA repair (Lee et al., 2015; Sigismund et
al., 2018). Figure 53 displays a simple schematic representation of the current knowledge regarding
the downstream pathways’ activators, potential inhibitors and outcomes at cellular level of EGFR
signaling.
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Figure 53 Schematic representation of the downstream activators, inhibitors and outcomes
of EGFR signaling. EGFR is capable of binding several different extracellular ligands that
agonize the receptor leading to activation of several downstream signaling cascade events,
including Ras-Raf-MEK-ERK, PI3K-AKT-mTOR, or Src-STAT3, among others. Activation of such
pathways may lead to several cellular events, including cell proliferation, epithelial-to-
mesenchymal transition (EMT), cell motility and cell survival. Several therapeutics have been
developed to antagonize EGFR including monoclonal antibodies (mAbs) that block ligand
binding, as well as several different tyrosine kinase inhibitors (TKIs). EGFR agonists have been
also recently studied due to their potential therapeutic role in cancer. Created with
Biorender. Adapted from Ali et al., 2017.

As previously mentioned, EGFR signaling is frequently altered in several human cancers due to
EGFR gene amplification and/or protein overexpression, mutations or in-frame deletions (Sigismund
et al., 2018). Also, it has been reported that impaired EGFR degradation through endocytosis is critical
for further upregulation of EGFR protein in some types of cancer cells, including BC cells (Vivanco et
al., 2010; Zhang et al., 2013). Additionally, inhibition of BRCA1 has been shown to induce upregulation
of EGFR mRNA and protein in breast and ovarian cancer cells (Burga et al., 2011; Li et al., 2013).
Nonetheless, overall, molecular mechanisms regarding EGFR mRNA and protein role in tumorigenesis,
particularly in BC, remain mostly unknown.

Also, few studies reported EGFR underexpression as being associated with BC progression and
metastasis formation (Choong et al., 2007; Wendt et al., 2015), and patients’ poor prognosis and worse
disease outcome (Kreike et al., 2010). Interestingly, Kreike et al. study (Kreike et al., 2010) suggests
that EGFR-expression in BC patients has a nonlinear relation with disease outcome, with both lower
and higher expression of EGFR being associated with poor prognosis and a worse outcome compared
to intermediate expression levels.

In line with these findings, our results also challenge the most conventional wisdom in which
EGFR amplification and overexpression is the norm in BC and TNBC and that is associated with patients’
poor prognosis. Furthermore, since most TNBC studies are performed in countries with predominantly
White populations, our results also suggest that the role of EGFR overexpression in cancer
development and poor prognosis, particularly in TNBC, should not be generalized. Since the massively
studied small-molecule inhibitors and monoclonal antibodies are being developed and tested under

153



CHAPTER V - Discussion

the supposition that most cancers present EGFR overexpression, such generalization might negatively
impact African-ancestry patients’ treatment, as well as patients from other ancestries (Nakajima et al.,
2014). The lack or lower EGFR expression when using target therapies may potentially enhance
secondary effects, such as impairment of essential related networks and pathways.

4.6. MYC oncogene has an increased expression in TNBCs from African-ancestry
patients

Here we highlight MYC mRNA and protein overexpression in African-ancestry patients in
comparison with their White counterparts. This result is in line with the fact that MYC is a well-known
player in carcinogenesis and associated with patients’ poor prognosis.

MYC oncogene encodes a transcription factor, Myc, whose broad effects make its precise
oncogenic role puzzlingly elusive. Myc expression and activity are tightly regulated in normal cells by
multiple mechanisms, involving a number of signaling pathways, transcription factors, and cis
regulatory elements, as well as an dependence upon growth factor stimulation (Xu et al., 2010). Wnt/B-
catenin signaling, Notch, MAPK and NF-kB pathways are, among others, regulators of the MYC
promoter (Xu et al., 2010). Myc activation triggers selective gene expression amplification to promote
cell growth and proliferation, including key genes involved in ribosomal and mitochondrial biogenesis,
glucose and glutamine metabolism, lipid synthesis, and cell cycle progression. To robustly activate its
targets, Myc also coordinates the acquisition of bioenergetics substrates to produce ATP and key
cellular building blocks that increase cell mass and trigger DNA replication and cell division (Stine et al.,
2015).

In the cancer context, unrestraint MYC expression and loss of checkpoint components, such as
p53, allow Myc to drive malignant transformation through cancer cell growth and proliferation, EMT
and angiogenesis (Dang, 2012; Xu et al., 2010). Also, one of the mechanisms underlying the pro-tumor
properties of oncogenic Myc is likely its function in antagonizing activation of induced senescence (Wu
et al., 2007). Thus, downregulation of Myc is a critical event for growth inhibition through cell cycle
arrestment, which can be induced by TGF-B (Frederick et al., 2004). Furthermore, Myc amplification is
a frequent event in BC from BRCA1 germ-line mutation carriers and in sporadic tumors with BRCA1
inactivation owing to BRCA1 promoter hypermethylation (Grushko et al., 2004; Wei et al., 2005),
suggesting that Myc overexpression occurs after loss of BRCA1 during the progression of tumorigenesis
(Xu et al., 2010). Nonetheless, how Myc regulates BRCA1 remains unclear. Figure 54 displays a
schematic representation of the pathways involved in Myc regulation, as well as downstream effects
of Myc deregulation.
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Figure 54 Schematic representation of Myc regulatory network. Myc is regulated in multiple
levels by different pathways, including Wnt/B-catenin signaling, Notch pathway, Ras-Raf-MAPK,
NF-kB pathways. Yet, loss of tumor suppressors and activation of these oncogenic pathways can
affect Myc expression or stability, leading to its deregulation. TGF-B and BRCA1, which can
reportedly repress MYC gene expression and its transcriptional activity, respectively, are
frequently inactivated by mutation or epigenetic mechanisms in breast cancer. Deregulated
Myc promotes tumor growth, epithelial-to-mesenchymal transition (EMT), cell
undifferentiation and angiogenesis. Adapted from Xu et al., 2010.

Previous studies have demonstrated that various cancers are Myc-dependent and that its
inactivation leads to tumor regression in multiple preclinical tumor models (Wu et al., 2007). Also, due
to the reliance of Myc-driven cancers on specific metabolic pathways, synthetic lethal interactions
between Myc increased expression and specific enzyme inhibitors may provide novel cancer
therapeutic opportunities (Stine et al., 2015). In addition to its role in tumorigenesis, Myc was also
identified as one of four genes, including Sox2, Oct4, and KLF4, that could collectively reprogram
fibroblasts to a pluripotent stem cell state (Laurenti et al., 2009; Singh and Dalton, 2009; Takahashi
and Yamanaka, 2006).

Expression of the oncogenic MYC is described as being disproportionately elevated in TNBC, as
compared other BC subtypes (Carey et al., 2018; Horiuchi et al., 2012; Koboldt et al., 2012; Lee et al.,
2017). Furthermore, those studies show evidence that overexpression of MYC contributes to CT
resistance in TNBC (Carey et al., 2018; Lee et al., 2017). Here we report that MYC, which is already
stated as being overexpressed in TNBC in studies mostly composed by patients of White-ancestry or
cell lines (Carey et al., 2018; Horiuchi et al., 2012; Koboldt et al., 2012; Lee et al., 2017), as having an
increased overexpression in TNBC-AA patients. This increased MYC overexpression was observed in
the contrasts with all TNBC patients, postmenopausal, stage Il disease, and postmenopausal stage Il
disease patients (Supplementary - DGEA eTables 1, 3, 5 and 11, respectively). In line with this
observation, one of the previous TCGA-based studies exploring TNBC's racial discrepancy reported that
TNBC-AA patients have a higher proportion of MYC/8924.21 amplification when compared with TNBC-
White patients (30.9% vs 20.4%), independently of other variables (Huo et al., 2017).

Remarkably, with few exceptions, most of the enriched gene sets including MYC have a negative
net direction in TNBC-AA patients, such as Hippo, MAPK, Wnt, PI3K-Akt, ErbB, Jak-STAT and TGA-beta
signaling pathways from the Signaling transduction collection; Cellular senescence and Cell cycle from
the Cell cycle and death collection; Signaling pathways regulating pluripotency of stem cells from the
Cell community and motility collection; and Pathways in cancer, Breast cancer, Proteoglycans in
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cancer, MicroRNAs in cancer and Transcriptional misregulation in cancer from the Cancer collection
(Chapter IV, Figure 32). Although downregulated genes with larger fold-change (FC) and/or lower FDR
might be affecting the observed net direction, true role and influence of MYC overexpression in the
aforementioned signaling pathways, cellular mechanisms and diseases should be further investigated.

Myc as an interesting marker in TNBC-AA patients is also highlighted by IPAs’ network design, in
which Myc is a central network regulator in the contrasts with all TNBC patients, postmenopausal
patients and postmenopausal stage Il disease patients (Chapter IV, Figure 38 and Supplementary -
Networks file eTables 1, 3 and 7, respectively).

Myc protein expression was then investigated through IHC of FFPE samples from TNBC patients
followed in Portugal. Myc H-score was significantly higher in African-ancestry patients than in White
patients (p = 4.01E-04, Chapter IV, Figures 46 and 48), consistent with the mRNA overexpression
observed in TNBC-AA patients in the study cohort.

MYC is not differentially expressed in normal-adjacent BC tissue between AA patients and
matching White patients (Supplementary — DGEA file eTable 13), nor is differentially expressed in
TNBC-AA patients compared with normal-AA cases (Supplementary — DGEA file eTable 14). Overall,
these results support the hypothesis that Myc expression may be, indeed, more upregulated in TNBC
patients from African-ancestry, hence contributing to an increased chemoresistance and poor
prognosis (Carey et al., 2018; Lee et al., 2017) in this population.

4.7. BCL2 downregulation is characteristic of TNBC development in premenopausal
African-ancestry patients

We observed that BCL2 gene expression was downregulated in premenopausal TNBC-AA
patients when comparing with their White counterparts and with normal-adjacent BC tissue from AA
patients (Supplementary - DGEA file, eTables 2 and 14, respectively), suggesting that the
downregulation of BCL2 is an acquired trait in TNBC development in AA patients, particularly in those
diagnosed at a younger age. In fact, African-ancestry patients are reported as being diagnosed with
TNBC at a significantly younger age than White patients, frequently in pre-menopause, as observed in
our group of patients from the validation study (Chapter IV, Table 24) and in other epidemiological
studies (Amirikia et al., 2011; P. Boyle, 2012; Carey et al., 2006; Clarke et al., 2012; Fregene and
Newman, 2005; Newman et al., 2019; Stark et al., 2010). Although the number of DEG obtained in the
premenopausal contrasts was not enough to generated significantly enriched gene sets
(Supplementary - GSEA file, eTable 2), IPAs’ core analysis confirms BCL2 as a core network regulator
(Chapter IV, Figure 39), influencing “Cancer”, “Organismal Injury and Abnormalities” and “Skeletal and
Muscular System Development and Function” diseases and functions, and having a network score of
47 (Supplementary - Networks file, eTable 2), a score which is only second to the network score (49)
of EGFR as a core regulator in the post-menopause stage |l disease contrast. Thus, we decided to
include this candidate gene for validation through IHC, where we confirmed an under-expression of
Bcl2 in African-Ancestry patients (Chapter IV, Figures 46 and 49), most of which were premenopausal
(Chapter IV, Table 24). Hence, here we highlight Bcl2 as an ancestry-associated marker in TNBC cases
diagnosed in premenopausal African-ancestry women.

Bcl2-family proteins play central roles in cell death regulation and are able of regulating diverse
cell death mechanisms that encompass apoptosis, necrosis and autophagy (Cory and Adams, 2002; Yip
and Reed, 2008). These family of proteins act in response to diverse intracellular damage signals,
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including those evoked by cancer therapy. The damage signals are transduced by the following “BH3-
only” proteins: Bcl2, Bcl-xL, Bcl-w, Mcl-1 and Al. These proteins are distinguished by the BH3 domain
used to engage their pro-survival relatives (Cory and Adams, 2002). Cell’s decision to undergo
apoptosis is determined by interactions between different members of the Bcl2 protein family. Bcl2
and several pro-survival relatives associate with the mitochondrial outer membrane and the
endoplasmic reticulum/nuclear membrane and maintain their integrity. Initiation of apoptosis requires
not only pro-apoptotic family members such as Bax and Bak, but also distant Bcl2-family cousins, such
as Bid, being related only by the small BH3 protein-interaction domain (Cory and Adams, 2002).
Essentially, the BH3-only proteins are sentinels that detect developmental death cues or intracellular
damage. In healthy cells, they are restrained in diverse ways, including sequestration on the
cytoskeleton. When unleashed by death signals, they switch off survival function by inserting their BH3
domain into a channel on their pro-survival relatives. During apoptosis, Bax and Bak oligomerize in the
mitochondrial outer membrane, breaching its integrity and freeing proapoptotic proteins such as
cytochrome ¢, which allows activation of caspase-9, as well as other “killer” molecules, including
Omi/HtrA2 and Diablo/Smac, which antagonize the inhibitor of apoptosis proteins which, in turn,
would inhibit processed caspases (Cory and Adams, 2002). Bcl2 can prevent cytochrome c release and,
consequently, caspase-9 activation and apoptosis. Thus, the balance between the pro-survival proteins
and their BH3 ligands regulates tissue homeostasis (Reed, 1998; Yip and Reed, 2008). Figure 55 shows
the intracellular signal mediated by the Bcl2 family upon cellular stress.

Thus, Bcl2 acts by promoting cell survival rather than by driving cell proliferation (Vaux et al.,
1988). Bcl2 suppresses apoptosis indirectly by blocking the mitochondrial release of cytochrome c and
inhibiting the activation of caspases by the cytoplasmic scaffolding protein Apafl (apoptosis activating
factor-1) (Brichese et al., 2002; Kaufmann and Gores, 2000; Z6rnig et al., 2001). Bcl2 may also protect
against chromosomal damage by promoting cell-cycle arrest under suboptimal conditions. Expression
of Bcl2 is cell-cycle regulated, peaking during mid-G1 and contributing to S-phase delay in response to
some stimuli (Zinkel et al., 2006). Maintenance of microtubule integrity may also depend on Bcl2
because drugs that affect tubulin structure, such as taxanes, phosphorylate and inactivate the Bcl2
protein (Haldar et al., 1996). Indeed, Bcl2-overexpressing tumors often show gross chromosomal
aberrations (Petrini et al., 2012).
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Figure 55 Intracellular stress signals are mediated through the Bcl2 family. Activity of caspase-9 and caspase-3 is
restrained by inhibitor of apoptosis proteins (IAPs), but the IAPs can be countermanded by Diablo/Smac and
Omi/HtrA2, which are released from the mitochondria. Apafl, apoptotic protease-activating factor 1. cyt c,
cytochrome c. Adapted from Cory et al., 2002, and Adams et al., 2007.

Impaired apoptosis promoted by, inter alia, overexpressed Bcl2 is, in fact, a crucial step in
tumorigenesis since a defective suicide program bestows emerging neoplastic cells with multiple
selective advantages. Such advantages include survival capacity in hostile niches (for instance, where
cytokines or oxygen are limiting). This death evasion mechanism allows cells to evolve into more-
aggressive derivatives. Thus, defective apoptosis contributes to metastasis formation, as the cells can
ignore restraining signals from neighbors and survive detachment from the extracellular matrix (Adams
and Cory, 2007; Cory and Adams, 2002). Impaired apoptosis also significantly affects cytotoxic therapy
since the mutations that favored tumor development dampen the response to CT and radiation, and
treatment might select more refractory clones (Johnstone et al., 2002). Thus, overall, targeting Bcl2-
expressing tumors seems to be indeed an interesting approach to enhance the effect of
chemotherapeutic agents (Beh et al., 2009; Douglas Hanahan and Robert A. Weinberg, 2000; Lima et
al., 2004; Papadopoulos, 2006). Nonetheless, the effects in developing cancers presenting low or
absent expression of Bcl2, as well as implications in patients’ prognosis and treatment are, comparably,
poorly explored and the existing reports are contradictory.

In earlier studies, BCL2 over- and under-expression effect on BC patients’ prognosis and
treatment has had mixed results according to the BC subtype. BCL2 is upregulated by estrogens in BC,
through a direct consequence of transcriptional induction (Leung and Wang, 1999) and, thus, BCL2-
positive expression in BC may be considered a sign of ER functional activity and is associated with more
favorable outcomes (Aleskandarany et al., 2015; Bouchalova et al., 2015; Choi et al., 2014; Eom et al.,
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2016; Leung and Wang, 1999). In fact, studies have suggested BCL2 as a reliable prognostic marker for
HR-positive BCs (Choi et al., 2014), since HR-positive BC patients expressing BCL2 have a better
prognosis considering the OS and relapse-free survival (Eom et al., 2016; Kim et al., 2012). Additionally,
BCL2-positive expression was associated with better outcomes in metastatic and early BC treated with
either hormone therapy or chemotherapy (Eom et al., 2016; Gasparini et al., 1995; Tsutsui et al., 2006).
Furthermore, Eom et al. (Eom et al., 2016) observed that Bcl2-expressing BC patients (comprising
53.8% of all 1356 BC cases) had lower histological grade (p < 0.001), low Ki-67 level (< 14%, p < 0.001),
low relapse rate (p = 0.016) and, importantly, had more frequently luminal A BC (p < 0.001) (Eom et
al., 2016).

However, studies investigating Bcl2 levels in TNBC cases and its association with
clinicopathological factors are not so straightforward as with HR+ BCs. A study reported an association
between Bcl2 expression and better survival in patients with TNBC (Hwang et al., 2017). Also, in Abdel-
Fatah et al. study (Abdel-Fatah et al., 2013), when controlling for CT and other prognostic factors,
absence or low Bcl2 expression was associated with 2-fold increased risk of death (p = 0.006) and
recurrence (p = 0.0004) in early primary TNBC cases. Remarkably, when Bcl2-negative patients
received adjuvant-anthracycline combination-CT, both BC-specific survival (p = 0.002) and disease-free
survival (p =0.003) was improved (Abdel-Fatah et al., 2013). However, on contrary, Tawfik et al. (Tawfik
etal., 2012) and Ozretic et al. (Ozretic et al., 2018) observed that the increased expression of Bcl-2 was
an independent prognostic factor for poorer OS in TNBC and, as such, a significant marker for tumor
aggressiveness (Ozretic et al., 2018). The reason for different results among these studies is not clear
but different patient sample size and origin (Abdel-Fatah et al. study (Abdel-Fatah et al., 2013)
encompasses 736 TNBC patients diagnosed in Nottingham, UK, whereas Tawfik et al. (Tawfik et al.,
2012) and Ozretic et al. (Ozretic et al., 2018) included 124 patients diagnosed in Kansas, USA, and 64
patients from Zagreb, Croatia, respectively), as well as differences in the IHC protocols or other factors
in the studies may play a role.

Abdel-Fatah et al. (Abdel-Fatah et al., 2013) also observed that Bcl2- patients treated with NACT
anthracycline combination-CT are more likely to have a pCR than Bcl2+ patients. Given these results,
authors suggested that, since Bcl2 protein acts as an anti-apoptotic factor and is also able to promote
cell cycle arrest at GO, Bcl2+ cells are likely to recover from damage caused by CT (Abdel-Fatah et al.,
2013), which may contribute to the poor prognosis observed in patients presenting Bcl2+ TNBC in other
studies (Ozretic et al., 2018; Tawfik et al., 2012). On the other hand, Bcl2- TNBCs respond to treatment
through accumulation of DNA damage, abnormal mitoses and subsequent mitotic catastrophe
(Castedo et al., 2004). Importantly, Bcl2- TNBCs that do not respond to CT may be able to escape
through accumulation of genetic abnormalities that would not lead to a mitotic catastrophe but rather
to aneuploidy and subsequent growth advantage. In fact, these authors (Abdel-Fatah et al., 2013)
observed that loss of Bcl2 in TNBC was associated with higher mitotic index, low levels of p27 (G0/G1
check protein), MDM4 (p53-inhibitory factor) and SPAG5 (essential for cell cycle progression and
fidelity of chromosomal segregation) (Abdel-Fatah et al., 2013).

Explanations regarding our results, specifically about the lower/negative expression of Bcl2 in
African-ancestry TNBC patients, are likely to be complex and involve a myriad of Bcl2 functions that
require further clarifications. Overall, Bcl2 may be indeed a promising prognosis and treatment marker
for TNBC patients. Although our results are not completely in line with previous studies (Abdel-Fatah
et al.,, 2013; Ozretic et al., 2018; Tawfik et al., 2012), our observations suggest that loss of expression
of BCL2/Bcl2 must have a substantial role in TNBC development in African-ancestry patients,
particularly in those diagnosed in during pre-menopause state.
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4.8. B-Catenin is downregulated in TNBCs from African-ancestry patients

We observed that CTNNB1 is downregulated only in postmenopausal stage Il disease TNBC-AA
patients, comparing with matching TBBC-White patients (log,FC = -0.935, FDR = 1.63E-02,
Supplementary — DGEA file, eTable 11). We also observed that Wnt signaling pathway is indeed one of
the most enriched gene sets observed in TNBC-AA patients, having a negative net direction (Chapter
IV, Figure 32). Besides Wnt signaling gene set, CTNNB1 is also downregulated in the Hippo signaling
pathway gene set from the Signal transduction collection; Focal adhesion and Adherens junctions gene
sets from the Cell community and motility collection; and in the and Breast cancer (Chapter IV, Figures
33, 34c, 34f and 35, respectively) and Pathways in cancer gene sets from the Cancer collection.

Through IHC, we observed that, as in the group of postmenopausal stage Il disease patients,
African-ancestry patients also express less B-catenin comparing with White patients, which show a
significantly higher H-score values (p = 1.44E-04, Chapter IV, Figures 46 and 50). Interestingly, all White
patients expressed B-catenin, with few expressing less B-catenin in some areas of the tissue.

B-cateninis an important intermediate in several signal transduction pathways, playing a central
role in canonical Wnt signaling pathway, as well as an intermediate in many other signal transduction
pathways, such as the PI3K-AKT pathway. B-catenin, which is encoded by the oncogene CTNNB1, was
first identified as one of several proteins that were tightly bound to the C-terminus of classical
cadherins (Ozawa et al., 1989). As its name suggests (Latin catena, meaning chain), it provides a critical
link in a chain of proteins that strengthen cell-cell adhesion by coupling cadherins to the actin
cytoskeleton. In the absence of Wnt ligands, B-catenin is kept at a low level through the ubiquitin
proteasome system (Shang et al., 2017). In the breast, in addition to creating and stabilizing the
mammary gland architecture, these catenin-cadherin complexes also exert effects on cell fate,
polarity, motility and survival. Also, B-catenin together with T-cell factor/lymphoid enhancer factor
(TCF/Lef) DNA binding factors act as a switch to determine cell fate and promote cell survival and
proliferation at several stages during mammary gland development (Hatsell et al., 2003).

In the past two decades, the role and impact of CTNNB1/B-catenin expression and misregulation
in BC have been massively studied (Bankfalvi et al., 1999; Chung et al., 2004; Dillon et al., 1998; Dolled-
Filhart et al., 2006; Fanelli et al., 2008; Karayiannakis et al., 2001; Lin et al., 2000; Lopez-Knowles et al.,
2010; Nakopoulou et al., 2000; Prasad et al., 2008), following the crescent number of studies involving
the targeting Wnt/B-catenin signaling pathway in many tumors, especially colorectal carcinomas
(Cheng et al., 2019; Krishnamurthy and Kurzrock, 2018; O'Toole et al., 2013; Shang et al., 2017; van
Schie and van Amerongen, 2020). Nuclear accumulation of B-catenin resulting from aberrant Wnt
signaling or mutation of the B-catenin gene leads to BC through upregulation of the expression of pro-
invasive proteins and triggering EMT (Hatsell et al., 2003; Sanchez-Till6 et al., 2011). However, the
associations with clinicopathologic variables and disease outcome reported in different studies are not
always concordant. Although mutations in CTNNB1 are rare in BC, unlike in colon or hepatocellular
cancers (Lopez-Knowles et al., 2010), altered B-catenin expression has previously been shown to be a
prognostic marker in BC (Khramtsov et al., 2010; Lépez-Knowles et al., 2010). Cytoplasmic (Dolled-
Filhart et al., 2006; Fanelli et al., 2008; Khramtsov et al., 2010; Lin et al., 2000; Lépez-Knowles et al.,
2010) and nuclear (Lin et al., 2000; Prasad et al., 2008) B-catenin expression were reported to be
associated with worse outcome and reduced OS in BC patients. Also, studies have reported an
association between cytoplasmic expression and ER-positive status (Fanelli et al., 2008; Nakopoulou
et al., 2000).
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In TNBC, B-catenin overexpression is reportedly required for TNBC development by controlling
numerous tumor-associated properties, such as migration, stemness, anchorage-independent growth
and chemosensitivity (Xu et al., 2015). Furthermore, 3-catenin signaling activation has being associated
with a poor clinical outcome (Dey et al., 2013b, 2013a; Geyer et al., 2011; Khramtsov et al., 2010;
Lépez-Knowles et al., 2010). Among the many B-catenin downstream effectors (Xu et al., 2015), here
we highlight Myc (He et al., 1998). Nevertheless, how B-catenin regulates Myc and other downstream
targets in BC, as well as its biological significance, particularly in BC, remain poorly explored. In basal-
like cell lines, B-catenin was observed to mediate the balance between Myc and CDKN1A/p21, a G1-S
phase cell cycle regulator, therefore regulating cell death and proliferation in by TCF-independent
mechanisms (Xu et al., 2016). Remarkably, upon B-catenin silencing, Myc expression was reduced in
non-basal-like BC cell lines but, on contrary, both Myc mRNA and protein expression were significantly
upregulated in the basal-like BC cell lines (p < 0.001) (Xu et al., 2016). Also, instead of promoting
apoptosis, reduced B-catenin expression promoted an increase number of cells in the G1 phase of the
cell cycle and decrease of cells in S phase (Xu et al., 2016). Overall, this study suggests that basal-like
BC cell lines with downregulated B-catenin are arrested in G1 phase, presenting a slower growth or
guiescent state. Cells with these features are usually more resistant to chemotherapeutic agents, such
as doxorubicin and cisplatin, promoting future relapse of the disease (Xu et al., 2016).

Thus, here we report that Myc expression is enhanced in TNBCs from African-ancestry patients
which, contrary to what is of current knowledge, also present lower expression of B-catenin when
comparing with White patients. In fact, to our knowledge, and although all basal-like BC cell lines
belonged to White patients (ATCC Catalog, 2013), the study performed by Xu et al. (Xu et al., 2016) is
the only aligned with our results. Those authors also showed CDKN1A/p21 upregulation upon B-
catenin silencing; however, we do not observe significantly differential expression of CDKN1A in TNBC-
AA patients, comparing with matching White patients. Furthermore, no differential expression of
CTNNB1 and CDKN1A was observed when comparing normal-adjacent BC between AA and White
patients, nor when comparing TNBC expression profile with normal-adjacent BC tissue expression
among AA patients (Supplementary - DGEA file, eTables 13 and 14).

Overall, our findings suggest that Wnt signaling pathway and B-catenin are less expressed in
African-ancestry patients, when comparing with their TNBC-White counterparts. Thus, considering
Wnt/B-catenin tremendous potential value as a therapeutic target in cancer treatment (Cheng et al.,
2019), including BC and TNBC, and the fact that such pre-clinical and clinical studies are developed in
countries whose population is mostly of White-ancestry, here we highlight the importance of not
generalizing therapeutic findings and applications to other populations.

5. EGFR, MYC, BCL2 AND B-CATENIN AS POTENTIAL ANCESTRY-ASSOCIATED MARKERS
IN AFRICAN-ANCESTRY PATIENTS DIAGNOSED WITH TNBC

Importantly, given the exploratory nature of this study, other relevant DEG identified in African-
ancestry patients, when comparing with matching White patients, which may be potentially involved
in TNBC development, prognosis and treatment of these patients, were certainly overlooked.
Additionally, due to the limited amount of biological material available after extensive routine
pathological assessment, we were unable to consider further potential markers to be validated
through IHC. Remarkably, among the DEG validated through IHC in FFPE tissue samples, protein
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expression of EGFR, Myc, Bcl2 and B-catenin are in line with the FC direction of the DEG from which
are encoded, even though TCGA and HFF patients are geographically and culturally distinct.

Unfortunately, validation of gene expression through isolation of RNA from FFPE samples from
the validation cohort followed by quantitative RT-PCR was not possible due to the poor quality of the
RNA isolated. Thus, the validation of the results obtained in the study cohort was exclusively
ascertained through IHC. Of note the fact that IHC is actually the most used method of cancer
diagnosis. It is a more mature, relatively inexpensive technology, being accessible to the majority of
pathology laboratories. Immunohistochemical markers are often used to guide treatment decisions
and to classify BC into subtypes that are biologically distinct and behave differently. Thus, such markers
can be both prognostic and predictive factors. Although other techniques, such as quantitative RT-PCR,
are more sensitive, they lack specificity in distinguishing different cells. In addition, mRNA profile
analysis is complex and is more inconvenient for routine clinical use.

In the absence of advanced molecular biological techniques, IHC is used to identify BC histologic
subtype, molecular phenotype and to predict patients’ response to treatment (Zaha, 2014). The best
approach in an immunohistochemical procedure is to combine panels of markers with the examination
of standard hematoxylin-eosin slides. In BC cases, only ER, PR and HER2 expression are routinely
assessed in the patients’ biopsies or surgical pieces, with most anatomic pathology laboratories also
performing IHC staining with the proliferation marker Ki-67. However, other biomarkers can be further
assessed to predict patients’ outcome and response to targeted therapies (Zaha, 2014), including those
analyzed through IHC in this project.

Regarding EGFR, to date, most clinical trials of EGFR inhibitors in BC and TNBC patients have
failed due to low response rates (Ali and Wendt, 2017; Nabholtz et al., 2016; Nakai et al., 2016).
Nonetheless, numerous factors, including lack of proper patient selection, may have contributed to
the failure of these trials. Wendt et al. (Wendt et al., 2015) showed that BC cells suffer a progressive
loss of EGFR throughout the EMT process that gives rise to metastasis. Authors also suggest that
primary breast tumors might be composed by a preexisting EGFR-low subpopulation (Wendt et al.,
2015), however, to our best knowledge, such claim remains to be confirmed. Interestingly, this
hypothesis would be in line with our results, in which TNBCs diagnosed in African-ancestry patients,
which frequently present faster progression and relapse after systemic CT, have lower EGFR mRNA and
protein expression when comparing with their White counterparts. Thus, we suggest EGFR as a
complementary IHC marker for African-ancestry patients after TNBC diagnosis, even in patients that
are not postmenopausal or do not present pathological stage Il disease, as the analysis with clinical
samples hints that EGFR downregulation might not be exclusive of patients with these characteristics.
As previously stated (Kreike et al., 2010), low EGFR downregulation should be considered as a poor
prognosis marker in the BC setting and such patients should be carefully followed in the clinical
context, as they may be more prone to develop metastasis (Ali and Wendt, 2017; Wendt et al., 2015).
Furthermore, such patients should be carefully considered to be included in clinical trials involving
small-molecule EGFR inhibitors and monoclonal antibodies, as the low expression of EGFR could
promote severe secondary effects upon these treatments (Ali and Wendt, 2017). Thus, we suggest
EGFR agonists (Ali and Wendt, 2017; Wendt et al., 2015), such as EGF, as a potential adjuvant therapy
for low EGFR expressing African-ancestry patients diagnosed with TNBC.

We observed that both Myc mRNA and protein expression are increased in TNBC cases from
African-ancestry patients, when comparing with matching White patients. Given that Myc
overexpression is a characteristic of aggressive forms of cancer and patients’ poor prognosis, including
in TNBC cases, is interesting that we observed that African-ancestry patients have a higher Myc
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expression than White patients. As EGFR, Myc protein overexpression may not be specific to patients
presenting a menopause status, as suggested by IHC results. Myc augmented expression in African-
ancestry might be an interesting potential prognosis marker. However, to our best knowledge,
although Myc is an obvious target given that its deregulation is perhaps one of the most important
events in cancer development, no approved therapeutic approaches targeting Myc are currently
implemented, mostly due to aggressive side effects in normal tissues. Nevertheless, recently, Omomyc,
a Myc dominant-negative gene product that was usually used to inhibit MYC for research purposes,
was showed to be able to penetrate the nuclei of cancer cells in vitro and in vivo in various
experimental models of non-small-cell lung carcinoma harboring different oncogenic mutation
profiles. Clinical trials with Omomyc peptides to assess its safety and efficacy were expected to be
initiated in 2020 (Beaulieu et al., 2019; Soucek et al., 2002).

Also, we observed a lower Bcl2 mRNA and protein expression in TNBCs from premenopausal
African-ancestry patients, when comparing with matching White patients. Additionally, gene
downregulation was also observed in TNBCs when comparing with normal-adjacent BC tissue from
African-ancestry patients, not controlling for menopause status. Thus, low Bcl2 is acquired during TNBC
development in African-ancestry patients, and our results suggest that this downregulation is more
specifically found in younger patients. Bcl2 downregulation and its role in cancer development and
prognosis is still controversial. Previous studies suggest that Bcl2 downregulation in TNBC is associated
with faster progression and poor prognosis, such as increased risk of death and relapse (Abdel-Fatah
et al., 2013; Eom et al., 2016). However, due to the high mitotic rate, authors observed that Bcl2-
patients treated with NACT anthracycline combination-CT were more likely to have a pCR than Bcl2+
patients. However, Bcl2- patients who did not achieve a pCR have a poor prognosis, with a faster
relapse (Abdel-Fatah et al., 2013). Thus, as Abdel-Fatah et al. (Abdel-Fatah et al., 2013), we also
highlight the importance of adding Bcl2 to a panel of markers used in current clinical practice, since
Bcl2 might provide both prognostic and predictive information in TNBC cases from premenopausal
African-ancestry patients.

Finally, we observed that Wnt signaling and B-Catenin, which partially regulates Myc expression
(Cowling and Cole, 2007), are downregulated in African-ancestry patients in both cohorts, comparing
with TNBC-White patients. We suggest that Wnt signaling and B-Catenin might be, in fact, more
activated in TNBCs diagnosed in White patients and that, although Myc has an increased expression in
African-ancestry patients, Myc is not positively regulating Wnt signaling pathway and vice-versa.
According to a myriad of studies, aberrant Wnt/B-Catenin is a trigger for BC (Chung et al., 2004; Dillon
et al., 1998; Dolled-Filhart et al., 2006; Fanelli et al., 2008; Karayiannakis et al., 2001; Lin et al., 2000;
Lopez-Knowles et al., 2010; Nakopoulou et al., 2000; Prasad et al., 2008; van Schie and van Amerongen,
2020) and TNBC development (Dey et al., 2013b, 2013a; Geyer et al., 2011; Khramtsov et al., 2010;
Lépez-Knowles et al., 2010; Xu et al., 2015). Nonetheless, many questions about the role of the
reported Wnt/B-Catenin overexpression in BC remain, including the lack of basic understanding of the
function of Wnt signaling in normal human breast development and physiology, the effect and precise
role of the different B-Catenin effectors, and which underlying molecular and cellular mechanisms are
disrupted (van Schie and van Amerongen, 2020). Importantly in the context of this study, we observed
downregulation of Wnt/B-Catenin expression in African-ancestry TNBC patients, comparing with
matching TNBC-White patients. Since the current status of targeted therapeutics are aiming at
interfering with Wnt/B-Catenin overexpression in BC patients (van Schie and van Amerongen, 2020),
here we highlight the importance and complexity of selecting the subset of patients that may benefit
from treatment.
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Although studies with a larger and heterogeneous group of TNBC patients are essential to
validation and further implementation of our results in the clinical routine, we suggest EGFR, Myc, Bcl2
and B-Catenin expression potential ancestry-associated markers in African-ancestry patients
diagnosed with TNBC, to be appreciated through IHC.

6. THE CONCEPT OF ANCESTRY AND RACE IN A CLINICAL PRESPETIVE

Over the past two decades, with the completion of the human genome in the early 2000s (Craig
Venter et al., 2001), a debate arose over the use of a racial classification in medicine and biomedical
research. Oddly, the use of race as a biological category increased in the postgenomic age (Chow-White
and Green, 2013), although genome pioneers and social scientists alike called for an end to the use of
race as a variable in genetic research (Collins, 2004; Foster and Sharp, 2004).

Here we highlight the importance of distinguishing “ancestry” from “race”. Ancestry is a process-
based concept, a statement about an individual’s relationship to other individuals in their genealogical
history, being a personal understanding of one’s genomic heritage. Race, on the other hand, is a
pattern-based concept that has led scientists and laypersons alike to draw conclusions about
hierarchical organization of humans, which connect an individual to a larger preconceived
geographically circumscribed or socially constructed group (Yudell et al., 2016). Accordingly,
phylogenetic and population genetic methods do not support a priori classifications of race, as
expected for an interbreeding species like Homo sapiens (Serre and Padbo, 2004).

In the scientific, biomedical and clinic context, the contemporary practice to identify genetic risk
factors of diseases associated to the patient’s “race”, and to help determine the best course of medical
treatments is, in fact, based on the individual’s self-identified ancestry (Yudell et al., 2016). Such
practice was used in the patients’ data gathered in the TCGA consortium and in the medical records
from the patients’ followed in HFF. Nonetheless, the term “race” and/or “ethnicity” is used in both of
those records, instead of ancestry.

Importantly, these ancestry assumptions should not be considered biological guideposts, as
commonly defined racial groups are genetically heterogeneous and lack clear-cut genetic boundaries
(Serre and Paabo, 2004; Tishkoff et al., 2009). For instance, cystic fibrosis is underdiagnosed in
populations of African-ancestry, because it is thought of as a “White disease” (Stewart and Pepper,
2016), or hemoglobinopathies being misdiagnosed because of the identification of sickle-cell as a
“African-ancestry disease” and thalassemia as a “Mediterranean disease” (Amato and Giordano, 2009;
Khelil et al., 2010; Solovieff et al., 2011). Thus, although we suggest EGFR, Myc, Bcl2 and B-Catenin as
potential ancestry-associated markers, we cannot exclude the possibility of individuals whose genome
is largely from African-ancestry having those chromosomic regions, or the chromosomic regions of
genes regulating these markers, as being of European origin instead of African (Bryc et al., 2010). The
reverse is also possible for patients self-identifying as being from other ancestries.

Remarkably, all four candidate DEG identified in the comparison between TNBC-AA and TNBC-
White patients had corresponding protein expression differences in the FFPE tissues from the patients
followed in Portugal. While AA population is predominantly of Niger-Kordofanian/western Africa
ancestry (Bryc et al., 2010; Tishkoff et al., 2009), most of the African-ancestry patients followed in
Portugal emigrated from former Portuguese colonies, including Cape Verde, Sdo Tomé, Guinea-Bissau,
Brazil and Mozambique (Supplementary - Patients file, eTable 3). Among the African-ancestry patients
from HFF, 8/12 are indeed from western Africa countries, namely Cape Verde, S30 Tomé and Guinea-
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Bissau. These observations suggest that at least patients with Western Africa ancestry, besides having
an higher incidence of TNBC (Huo et al., 2009; Jiagge et al., 2016; Newman et al., 2019; Siddharth and
Sharma, 2018), also share some TNBC-associated features that are distinct from patients of European-
ancestry.

Although our results are promising, given the tremendous human genetic diversity found in the
human population (Serre and Paabo, 2004) and, particularly, in the African continent (Tishkoff et al.,
2009), whenever possible, patients’ ancestry inference should be confirmed with resource to human
ancestry markers, instead of self-described ancestry. This is particularly relevant in populations
composed by people with diverse biogeographical ancestries, such as in Portugal or in the USA.
Remarkably, to our best knowledge, in all studies cited in this thesis, patients’ ancestry was self-
described. One of the major reasons for so few studies to investigate ancestry-associated disease
markers resourcing to SNP panels for ancestry inference is the fact that such panels still have
limitations in their generality and efficiency, such as the fact that some only have a very limited amount
of populations (Kidd et al., 2014), or are based in a limited number of SNPs or chromosomes (Toma et
al., 2018). Nonetheless, SNP panels for ancestry inference are constantly developing (Lan et al., 2020;
Pakstis et al., 2019) and soon will have important implications in the clinical context.

Thus, currently, patients’ self-described ancestry-based predictions in clinical settings are
helpful in predicting patients’ prognosis and the most appropriate treatment, being an easy and
inexpensive guiding method. However, whenever possible, self-described ancestry should not
substitute the specific etiology of the individual patient following a true personalized therapeutic
approach.

7. CONCLUDING REMARKS

Biological differences between TNBC incidence, development and prognosis in African and
European-ancestry women are influenced by differences in the transcriptomic profile and regulation
of pathways associated to carcinogenesis. ldentification of altered mRNA and protein expression
profile are expected to contribute to patient’s prognosis, and interventions to improve cancer risk
assessment and optimal use of more effective targeted therapies have the potential to close the
widening mortality gap between these populations. Our study is one of the few to systematically
examine ancestry differences in mRNA and protein expression specifically in patients with TNBC,
stratifying patients according to their menopause status and/or pathological stage.

One of the major strengths of this PhD thesis regards the stringency of the multiple testing
procedures taken. This stringency allowed for more robust results regarding the ancestry-associated
transcriptomic differences in TNBC in the different contrasts of the computational analysis, either in
DGEA, GSEA and IPA’s core analysis. Additionally, to our best knowledge, this study is pioneer in
assessing those differences according to menopause status and pathological stage at TNBC diagnosis,
variables that affect further disease development and patient’s prognosis and treatment options.
Moreover, we also validated four candidate genes identified in the computational analysis through
IHC, the most common method used for cancer diagnosis and prognosis in the clinic, in a group of
patients composed by sociocultural and geographically distinct women.

Nonetheless, despite the fact that we identified potential ancestry-associated markers for
African-ancestry patients diagnosed with TNBC, we faced some limitations. The major limitation was
indeed the number of patients. The group of TCGA patients is comprised by African-ancestry and White
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women diagnosed with TNBC with available RNA-seq and clinicopathological data. Other databases
did not meet our requirements of having ancestry information and African-ancestry patients, RNA-seq
data, and other relevant clinicopathological data, including menopause status or age, pathological
stage of the disease and patients’ follow-up and survival status. Thus, for the computational analysis,
only TCGA data was included, from which we also removed perimenopausal and pathological stage IV
disease patients, given the small number of patients presenting those characteristics. Furthermore, by
stratifying patients according to menopause status and pathological stage, the number of patients
included in each group would be further reduced. Also, concerning the group of patients from HFF,
with available FFPE TNBC tissue, we gathered an unexpectedly small number of samples. Initially, we
identified many more African-ancestry patients having a medical record stating them as a TNBC
patient, from 2012. Nonetheless, most of those patients do not live in Portugal, being followed in our
collaboration hospital only after diagnosis and surgery in their country of residence, mostly to proceed
to further adjuvant treatments. Thus, FFPE samples from such patients was not available. Finally, we
also faced a surprisingly shortage in available molecular data from reference normal breast tissue from
African-ancestry women, either from TCGA or from other databases. We also found this limitation in
our collaboration hospital, where tissue from health donors was not available and normal-adjacent BC
FFPE samples were in poor conditions or have a very reduced number of epithelial cells. Also, some of
the FFPE samples were biopsies, which do not have normal breast tissue surrounding the tumor. Thus,
for these reasons, we could not validate EGFR, Myc, Bcl2 and B-catenin protein expression in a normal
breast tissue from patients gathered in Portugal. Other major limitation of this work was the poor
quality of the RNA isolated from the FFPE samples, which impaired the validation of gene expression
through quantitative RT-PCR, prior the IHC essays. Other limitations included an unequal and/or short
follow-up time of patients, as well as an unclear definition of the cause of death of TCGA patients,
which may impair the real effect of the ancestry in the probability of survival after TNBC diagnosis.
Furthermore, socioeconomic and environmental factors were not available nor in TCGA nor in most of
the medical records in the hospital with which we collaborate, hence, their contribution to ancestry
disparity in TNBC development and prognosis could not be questioned.

The major findings of this study include the identification of hundreds of DEG between TNBC
patients of African and European-ancestry, according to patients’ menopause status and stage of the
disease at diagnosis, that are TNBC related and not ancestry alone-related (the lists of DEG, according
to patients’ characteristics, can be consulted in the Supplementary - DGEA file). Interestingly, although
young African-ancestry patients are more frequently diagnosed with TNBC than their White
counterparts, the expression profile of the two groups of patients is more distant according to the
stage of the disease than with the menopause status. We also highlight the fact that among the DEG
validated through IHC in FFPE tissue samples, remarkably, protein expression of EGFR, Myc, Bcl2 and
B-catenin are in line with the FC direction of the DEG from which are encoded, even though the TCGA
cases and clinical samples are composed by geographically and culturally distinct groups of patients.
This consistency between the computational analysis and IHC results may be due to most patients from
both groups of African-ancestry sharing western Africa ancestry. Regarding the selected candidate
ancestry-associated markers, to summarize, we highlight 1) the under-expression of EGFR in African-
ancestry patients, comparing with TNBC-White patients; 2) the increased expression of Myc; 3) Bcl2
downregulation involved in TNBC development in premenopausal African-ancestry patients; and 4) B-
Catenin under-expression in African-ancestry patients.

These results highlight the critical need for researchers investigating the underlying
pathogenesis and exploiting therapeutically the distinct biology of TNBC, particularly in African-
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ancestry patients. Ultimately, this PhD thesis underscores the potential for individualized tumor
molecular analysis to mitigate the ancestry divide in TNBC outcome. While this work was primarily
focused on finding differential expression profile and potential ancestry-associated markers in African-
ancestry patients diagnosed with TNBC, as well as potentially altered pathways and cellular
mechanisms considering patient’s menopause condition and pathological stage at diagnosis,
additional research is urgently needed to evaluate these findings, particularly in the pre-clinical
setting, including functional assays using human cell lines and animal models, to provide a deeper
understanding of the complex association between tumor transcriptomics and outcome among
patients with different ancestries.

Overall, future studies with larger and diverse TNBC cohorts are urgently needed to better
elucidate ancestry differences in TNBC transcriptomics and proteomics, adjusting for patients’
characteristics, such as age and pathological stage at diagnosis, germline, therapeutic and
socioeconomic influences.
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Abstract

Purpose Triple-negative breast cancer (TNBC) has a higher incidence, a younger age of onset, and a
more aggressive behavior in African-ancestry women. This severity has been assumed to have biological
causes. Here we analyzed ancestry-associated differential gene and protein expression between African-
ancestry and White TNBC patients, controlling for patients’ menopause status and pathological staging.

Methods Differential gene expression analyses (DGEA) were performed using The Cancer Genome
Atlas (TCGA)’s RNA-sequencing data. Gene set enrichment analysis (GSEA) and Ingenuity Pathway
Analysis (IPA), focusing on network design, highlighted candidate genes, further validated through
immunohistochemistry using TNBC’s from patients followed in Portugal.

Results TCGA data of 52 African-American and 90 White TNBC patients indicate a lower survival
probability of African-Americans, particularly in premenopausal and stage 11 disease (log-rank p=0.019
and 0.0038, respectively). African-Americans’s transcriptomic profile is characterized by
downregulated Hippo pathway and cellular community gene sets, and breast cancer gene set
upregulation, comparing with White patients. [IPA’s network design highlighted central roles for EGFR,
Myc and Bcl2 genes in discriminating differences in transcription profiles. These genes and p-Catenin,
consensually reported to be required in TNBC tumorigenesis, were further validated through
immunohistochemistry. African-ancestry patients from TCGA and validation experiments are distinct,
yet, both groups had matched differential gene and protein expression profiles, respectively.
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Conclusions We found ancestry-associated transcriptomic patterns between African-ancestry and White
TNBCs, particularly when controlling for menopause status or staging. EGFR, Myc, Bcl2 and B-catenin
gene and protein differential expression matching results in distinct populations suggest these markers
as being important indicators of TNBC’s ancestry-associated development.

Keyword Triple-negative breast cancer. Ancestry-associated disease risk . African ancestry .
Differential gene expression . RNA-sequencing data

Abbreviations

AA - African-American

BC - Breast cancer

DEG - Differential expressed genes

DGEA - Differential gene expression analysis

FC - Fold-change

FDR - False discovery rate

FFPE - Formalin-fixed paraffin-embedded

GSEA - Gene set enrichment analysis

HER2 - Human Epidermal growth factor Receptor 2
HFF - Hospital Professor Doutor Fernando Fonseca
HR - Hormone receptor

IHC - Immunohistochemistry

IPA - Ingenuity Pathway Analysis

KEGG - Kyoto Encyclopedia of Genes and Genomes
MDS - Multi-dimensional scaling

TCGA - The Cancer Genome Atlas

TNBC — Triple-negative breast cancer

Introduction

Triple-negative (TNBC) is the breast cancer (BC) subtype that neither expresses estrogen receptor, nor
progesterone receptor, nor has Human Epidermal growth factor Receptor 2 (HER2) amplification.
TNBC presents an aggressive behavior, with large locally advanced breast lesion or metastatic disease
developing shortly after adjuvant chemotherapy (Collett et al., 2005; Seewaldt and Scott, 2007). TNBC
patients’ survival rate is dismal (Garrido-Castro et al., 2019; Saraiva et al., 2017) and, only recently, a
targeted therapy was approved (Kang and Syed, 2020). Such targeted therapy consists in the
combination of the checkpoint inhibitor, atezolizumab, with nab-paclitaxel, and has been approved as
target therapy specifically for programmed death-ligand 1 (PD-L1+) advanced TNBCs (Kang and Syed,
2020). Globally, TNBC accounts for 10-20% of invasive BC diagnoses (Carey et al., 2006; Rakha et al.,
2007, 2006; Vona-davis et al., 2008). However, TNBC is disproportionately prevalent in African-
ancestry women, comparing with women of White/Caucasian descent (P. Boyle, 2012; DeSantis et al.,
2019; Huo et al., 2009; Keenan et al., 2015; Newman et al., 2019; Stark et al., 2010). TNBC in African-
ancestry women also presents higher mortality rates (Bauer et al., 2007; DeSantis et al., 2019; Honério
et al., 2016), a younger age of onset (Carey et al., 2006; Copson et al., 2014; Huo et al., 2009; Lund et
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al., 2009; Zaky et al., 2009), and a faster and more aggressive tumor development and relapse after
chemotherapy (Copson et al., 2014; Frasci et al., 2009), independently of other risk factors for BC (Stead
et al., 2009). While factors for such disparity may include advanced disease stage at diagnosis,
socioeconomic status, and lack of access to treatment (Newman, 2017), biological disparities have been
suggested as one of the main factors involved in the ancestry-associated BC discrepancy (Grunda et al.,
2012; Newman, 2017; Siddharth and Sharma, 2018). Although studies have investigated ancestry-
associated differences in TNBC patients concerning gene and protein expression (Huo et al., 2017,
Lindner et al., 2013), somatic alterations (Huo et al., 2017; Newman et al., 2019; Omilian et al., 2020;
Shimelis et al., 2018), and metabolic processes (Pelicano et al., 2014; Tayyari et al., 2018), implications
in TNBC development and clinical setting are not yet clarified.

To identify ancestry-associated molecular differences between African-ancestry and White TNBC
patients, taking into consideration patients’ menopause status and stage of the disease, with potential
impact in patients’ prognosis and treatment, we performed differential gene expression analysis (DGEA)
using The Cancer Genome Atlas (TCGA) data. To ascertain if the differences observed between patients
from TCGA are transposed to clinical samples, we selected three differentially expressed candidates,
EGFR, Myc, Bcl2, as well as B-Catenin, known to be important in TNBC tumorigenesis (Dey et al.,
2013b, 2013a; Xu et al., 2015), to validate through immunohistochemistry in samples from a Portuguese
hospital. Remarkably, despite the geographic and cultural differences of the validation and TCGA
populations, the immunohistochemistry results match the bioinformatic analysis.

Methods
Patient populations

From TCGA’s BC project data, “TCGA-BRCA”, we identified 52 African-ancestry and 89 White
patients diagnosed with primary TNBC, who had undergone RNA-sequencing. Patients were diagnosed
between 1998 and 2013, and clinical information was submitted to TCGA between August 2010 and
March 2015. RNA-sequencing and clinical data were retrieved from TCGA using TCGADbiolinks
package (Colaprico et al., 2016; Mounir et al., 2019) in R environment (version 3.6.0), as of March 6,
2019. Formalin-fixed paraffin-embedded (FFPE) TNBC samples collected from 12 African-ancestry
and 11 White TNBC patients diagnosed between January 2012 and August 2018 at the Hospital
Professor Doutor Fernando Fonseca (HFF) were used to independently validate the results obtained with
the TCGA cohort.

Differential Gene Expression Analysis

Differential gene expression analysis (DGEA) was performed with edgeR (Robinson et al., 2009b),
version 3.26.8, using generalized linear model (gml)-edgeR pipeline (McCarthy et al., 2012) and a false
discovery rate (FDR) cutoff of <0.05. We applied a filtering threshold of at least 10 counts-per-million
in at least two or more patients/libraries in each DGEA. The list of differential expressed genes (DEG)
was further narrowed down using gimTreat() function by testing whether the differential expression was
significantly above a log,-fold-change (FC) of 1.2, allowing the identification of more biologically
meaningful genes. Comparisons between different DEG lists was performed with UpSetR package
(Conway et al., 2017). Gene set enrichment analysis (GSEA) and Ingenuity Pathway Analysis (IPA,
QIAGEN Inc., https://www.giagenbioinformatics.com/products/ingenuity-pathway-analysis) software
were used to identify key regulators and pathways.
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For GSEA, GAGE “Generally Applicable Gene-set Enrichment” package (Luo et al., 2009) was used to
bring Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets into the R environment. edgeR’s
fry() function, based on the ROAST method (Wu et al., 2010), was used to perform GSEA. Gene sets
were considered enriched when FDR<0.05, taking into consideration both up- and downregulated genes
in the set.

IPAs’ core analysis, using the complete lists of genes and respective FC and FDR obtained from DGEA,
allowed the identification of relevant altered networks, as well as the central network regulators, i.e.,
DEG with more direct and indirect connections in its network, being potential drivers for ancestry-
associated biological differences. Ingenuity Knowledge Base (Genes only) was used as reference. Only
networks with a score above 30 were considered. A threshold of FDR<0.05 was applied to highlight
DEG in a network.

Immunohistochemistry

Immunohistochemistry (IHC) was performed to validate candidate genes potentially involved in TNBC
ancestry-associated discrepancy, using FFPE samples. After deparaffinization, endogenous peroxidase
blocking and antigen retrieval, samples were incubated 1h with primary antibody (Primary antibodies
and respective dilutions are listed in the Supplementary Table S1), followed by 1h incubation with the
secondary antibody (Peroxidase IgG Fraction Monoclonal Mouse Anti-Rabbit 1gG, light chain specific,
code 211-032-171, Jackson ImmunoResearch). Bright-DAB Kit (VWR) was used for protein detection.
Images were acquired using Axio Imager Z2 microscope (Zeiss). Protein expression was evaluated using
Fiji ImageJ (Schindelin et al., 2012) software and a semiquantitative approach to assign an H-score
(Ishibashi et al., 2003; John et al., 2009). The intensity of protein expression was measured using the
scale 0-3, 0 being negative and 3 being very high expression. The H-Score was calculated by multiplying
the intensity value with its area, regardless of cellular location. Wilcoxon-Mann-Whitney test was used
to compare mean H-score of each protein between African-ancestry and White patients using the R
function wilcox.test() and GraphPad Prism 6.01 software.

Statistical analysis

Wilcoxon-Mann-Whitney test was used to compare age of diagnosis and survival between groups of
patients. Pearson's Chi-squared test with Yates' continuity correction was used to test for statistically
significant differences between the percentage of patients of each ancestry regarding staging and
menopause status, using chisg.test() R function. survival (Therneau, 1999) and survminer (Kassambara
et al., 2019) packages were used to design and test for differences regarding the time of survival between
African-ancestry and White TNBC patients according to staging and menopause status. P-values<0.05
were considered statistically significant.

Results
TNBC incidence and patients’ survival

Distribution of clinicopathologic features from 940 African-American (AA) and White BC patients from
“TCGA-BRCA” project are depicted in Table 1. AAs are diagnosed with BC at earlier age (56.29 vs
58.61 years, p=0.037) and are more likely to develop TNBC than their White counterparts (28.42% vs
11.89%, p<0.0001). Differences in TNBC patients’ age, pathological stage and menopause status at
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TNBC diagnosis were not statistically significant, as well as months of follow-up, vital status and time
to death (Supplementary — Patients).

TNBC patients were divided according to their ancestry and controlled for menopause status and
pathological stage of TNBC at diagnosis, since these variables may contribute to molecular disparities
in TNBC biology. The survival probability for each group was analyzed up to 12 years follow-up after
initial diagnosis (Fig. 1). AA patients tended to have a faster and higher mortality than White patients
in line with what have been reported (Fig 1). Interestingly, this tendency is most significant within
premenopausal and stage 11 TNBC patients (Fig. 1b and e, log-rank p=0.019 and 0.0038, respectively).

Differential gene expression analysis

DGEA between patients’ groups was firstly explored with multi-dimensional scaling (MDS) plots (Fig.
S1). In accordance with previous studies (Huo et al., 2017; Stewart et al., 2013), and despite some outlier
results, differences in gene expression profiles are higher between TNBC and other subtypes of BC
(Hormone receptor [HR+] and HER2) patients, than between patients diagnosed with HR+ and HER2
BCs (Fig. Sla), regardless of patients’ ancestry (Fig. S1b). The MDS plot does not show a clear
differential expression profile between AA and White TNBC patients at the first two dimensions (Fig.
S1c). However, ancestry-associated discrepancies in disease severity and previous reported differences
(Chang et al., 2018; Huo et al., 2017; Keenan et al., 2015; Lindner et al., 2013; Stewart et al., 2013;
Sugita et al., 2016), motivated further analyses taking into consideration the data substructure.

The following contrasts were subjected to DGEA between AA and White TNBC patients: 1) All AA vs
all White patients; 2) AA vs White patients with matched menopause status; 3) AA vs White patients
with matched TNBC stage; 4) AA vs White patients with matched menopause status and TNBC stage.

Figure 2 shows the number of significant DEG (FDR<0.05) in AA patients compared to matching White
patients obtained from the different analyses, as well as the number of matching DEG between different
contrasts, with the exception of the contrasts that resulted in 2 or less DEG (Supplementary - Matching
DEG). Differential expression among stage Il patients resulted in the higher number of DEG (1776).
This result highlights the importance of disease’s staging in explaining the differences between the two
patients’ groups. DGEA including all TNBC patients recovered 1122 DEG and DGEA for post-
menopause showed 718 DEGs. Furthermore, DGEA for stage Il had threefold the DEG than for stage
I (94 vs 30, respectively). Despite studies consistently highlighting the earlier age of TNBC onset in
African-ancestry patients (Carey et al., 2006; Copson et al., 2014; Huo et al., 2009; Zaky et al., 2009),
our DGEA results suggest that differences in the transcription profile between patients groups tend to
be greater when controlling for disease’s pathological stage than when controlling for menopause status
(see Supplementary - DGEA for full DGEA results).

To determine if these differences could be observed in normal mammary tissue, we performed identical
DGEA with RNA-sequencing data from normal-adjacent BC tissue from AA and White patients from
TCGA (76 DEG, 6 AA vs 105 White). This analysis showed that the large majority of the DEG
previously identified are associated with TNBC progression, as most DEG were not observed in normal
tissue. In fact, only two genes - CXCL10 and LTB - were found to be simultaneously differentially
expressed between AA and White patients in both TNBC and normal tissue.

DGEA results showed that there are indeed gene expression differences to justify TNBC’s
epidemiological and clinical observations. Thus, we proceeded to refine DGEA results, in order to find
potential leading molecules involved in the ancestry-associated TNBC discrepancy.
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Gene set enrichment analysis and Ingenuity Pathway Analysis

GSEA were performed to contextualize ancestry-associated biological differences between AA and
White TNBC patients taking into account menopausal status and disease’s pathological stage. GSEA
included gene sets from the following collections: signal transduction, cellular community - eukaryotes
and cell motility, cell growth and death, cancer: overview, where the BC gene set was included, as well
as the drug resistance - antineoplastic collection, women-specific endocrine system collection gene sets,
and gene sets related to immuno oncology, from the immune system collection. Only the groups, which
showed significantly enriched gene sets (FDR<0.05, Fig. 3), were analyzed: all TNBC, post-menopause
(independently of the disease stage), stage Il (independently of menopausal status) and post-menopause
and stage Il (see Supplementary — GSEA for complete results). Considering the gene sets” FC net
direction among these four groups of patients, as well as their statistical significance, we highlight Hippo
signaling pathway (Fig. 3 and Fig. S2a) as the most consistently downregulated enriched gene set, and
cellular community and cell motility (Fig. 3 and Fig. S2b-g) as the most downregulated gene set
collections in all groups of patients. We also highlight BC gene set (Fig. 3 and Fig. S2h) as being
consistently upregulated in AA patients in all comparisons, and MAPK signaling pathway gene set (Fig.
3 and Fig. S2i) as being upregulated specifically in the group with stage 11 disease patients.

To identify potential driving molecules involved in the ancestry-associated TNBC discrepancy, we also
performed IPA’s core analysis with focus on network design, using the complete lists of genes obtained
through DGEA for each group, except for pre- and postmenopausal stage | and 111 disease, due to their
low number of DEG. IPA networks consist in maps of known interactions between molecules, where
highly interconnected networks are likely to represent significantly altered biological functions.
Complete lists of networks and respective central regulators, scores, molecules involved, and top
diseases and functions, according to patient’s menopause status and/or staging, are listed in
Supplementary - Networks file. From these analyses, we highlight EGFR as central network regulator
(Fig. S3) due to its high score in the comparisons with all TNBC patients and with patients presenting
post-menopause, stage Il disease, or both. Specifically, EGFR is downregulated in AA patients,
comparing with White patients, in these four groups (log.FC=-2.238, FDR=1.08E-04; log.FC=-2.911,
FDR=9.41E-05; log,FC=-2.775, FDR=9.85E-05; and log,FC=-3.739, FDR=4.46E-05, respectively).
Furthermore, EGFR is involved in enriched gene sets from the Signal transduction collection, including
MAPK, Ras, Phospholipase D, PI3K-Akt, Rapl, FoxO, calcium, ErbB, Jak- STAT and HIF-1 signaling
pathways; in gene sets from the Cancer and Drug resistance: antineoplastic collections, including BC,
pathways, proteoglycans and microRNAs in cancer and EGFR tyrosine kinase inhibitor resistance; in
Cellular community and Cell motility collections, including regulation of actin cytoskeleton, focal
adhesion and gap junction gene sets; and in oxytocin and estrogen signaling pathways gene sets from
the Endocrine system collection.

We also highlight Myc as a central network regulator (Fig. S4) due to its score in the comparisons with
all TNBC patients, postmenopausal and postmenopausal stage Il disease patients. Indeed, MYC is
upregulated in AA patients in these groups (log.FC=0.754, FDR=2.70E-02; log,FC=1.051,
FDR=1.13E-02; log.FC=1.279, and FDR=5.16E-03, respectively). Also, Myc is involved in enriched
gene sets from the Signal transduction collection, including Hippo, MAPK, Wnt, PI3K-Akt, ErbB, Jak-
STAT and TGF-beta signaling pathways; Cancer collection’s BC, pathways, proteoglycan, microRNAs
and transcriptional misregulation in cancer gene sets; in Cell growth and death collection’s cellular
senescence and cell cycle gene sets; and signaling pathways regulating pluripotency of stem cells gene
set from Cellular community collection.

Finally, we highlight Bcl2 as a highly scored central network regulator (Fig. S5) specifically
downregulated in premenopausal AA patients (log.FC=-2,043, FDR=3,49E-02). No enriched gene sets
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were observed with FDR.mixed<0.05, possible due to the small set of significant DEG observed in this
group (83 DEG, Fig. 2). Interestingly, when comparing with normal-adjacent BC tissue from AA
patients, BCL2 is downregulated in TNBC patients, considering all menopause status (log.FC=-2.19,
FDR=1.10E-04, Supplementary - DGEA), suggesting that BCL2 is downregulated throughout TNBC
development, particularly in premenopausal AA patients.

Thus, EGFR, Myc and Bcl2 were selected to be further investigated through IHC in a collection of
TNBC samples obtained from a Portuguese hospital. This procedure was performed to ascertain if the
differential protein and mRNA expression would match, even though these populations present
geographic and cultural differences from the populations sampled in TCGA. Additionally, we
investigated B-catenin, encoded by CTNNB1, due to the well-described role of Wnt/B-catenin signaling
in BC and TNBC tumorigenesis (Dey et al., 2013b, 2013a; Xu et al., 2015) and worse prognosis (Dey
et al., 2013b; Geyer et al., 2011; Khramtsov et al., 2010; Lopez-Knowles et al., 2010). Also, CTNNB1
is downregulated in postmenopausal stage |1 disease AA patients (log.FC=-0.935, FDR=1.63E-02), and
is involved in the following enriched gene sets: Hippo and Whnt signaling pathways, from the Signal
transduction collection; BC gene set; and Cellular community collection’s signaling pathways regulating
pluripotency of stem cells gene set.

Validation of EGFR, Myc¢, Bcl2 and B-catenin protein expression

African-ancestry patients from the validation cohort (Table 2) were diagnosed with TNBC at a
significantly younger age, compared to White patients (47.75 vs 64.82 years, p=0.007). Hence,
premenopausal TNBC cases among African-ancestry patients are in a significantly higher proportion,
compared to White patients (58.33% vs 0, p=0.010). None of the other clinical variables had statistically
significant differences between the two populations in the validation cohort.

Validation of gene expression through isolation of RNA from FFPE samples followed by quantitative
RT-PCR was not possible due to the poor quality of the RNA isolated. Thus, IHC was performed to
validate the selected candidates, showing that EGFR, Myc, Bcl2 and pB-Catenin proteins are
differentially expressed between African-ancestry and White patients (p<0.05, Fig. 4) and the net
direction of protein expression intensity matches with DGEA results. Thus, these observations
corroborate that while Myc is upregulated in African-ancestry patients, EGFR, Bcl2 and CTNNB1/B-
Catenin are downregulated, in comparison with White patients.

Examples of positive and low/negative staining between African-ancestry and White patients for each
of the tested proteins are shown in Figure 5.

Discussion

Incidence and clinical differences between TNBC from African-ancestry and White women are expected
to be heavily influenced by differences in the transcriptomic profile and by the regulation of pathways
associated with tumorigenesis. lIdentification of ancestry-associated markers should contribute to
understand more clearly the features of this disease in both populations. Additionally, these studies may
also contribute for patients’ prognosis and establishment of more effective targeted therapies, potentially
closing the widening mortality gap between these populations. Our study is one of the few to
systematically examine ancestry-associated differences at transcriptomic level in TNBC patients, with
the particularity of considering patients’ menopause status and disease’s pathological stage.
Furthermore, the subsequent validation of candidate markers through IHC, in sociocultural and
geographically distinct patients, make our findings more robust.
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“TCGA-BRCA” epidemiological study confirmed a higher TNBC incidence in AA patients,
corroborating previous TCGA-based studies (Ademuyiwa et al., 2017; Huo et al., 2017; Keenan et al.,
2015; O’Meara et al., 2019; Stewart et al., 2013), but we also show a decreased survival probability in
AAs diagnosed specifically at pre-menopause and at stage 11 disease. Also, although the younger age of
onset often described among African-ancestry TNBC patients [6, 14, 18], and observed in the validation
cohort (Table 2), DGEA results suggest that differences in ancestry-associated transcriptomic profiles
in TNBC patients are more pronounced when taking into consideration the disease staging than when
considering patients’ age or hormonal differences caused by menopause. The most distinct
transcriptional profile between AA and White patients is observed among stage 1l disease. Also, stage
I11 resulted in a threefold DEG than stage | disease, suggesting that differences in transcriptional profile
increase with TNBC progression. GSEA was performed to identify altered pathways and biological
processes between AA and White TNBC patients. Among the enriched gene sets observed, we
highlighted Hippo signaling pathway as the most downregulated gene set. According to the literature,
downregulation of Hippo pathway components (Fig. S2a), including LATS1, may promote the
transcription of genes involved in cell proliferation and competition, cell death inhibition, epithelial-to-
mesenchymal transition, tumor metastasis, and tumorigenesis (Harvey et al., 2013; Lei et al., 2008;
Marti et al., 2015; Piccolo et al., 2014; Zanconato et al., 2016; Zhao et al., 2010). Furthermore, gene sets
from the cellular community and cell motility gene collections, are also consistently downregulated in
AA patients. The downregulation of gene sets from these KEGG collections suggests that the integrity
of cell-cell contacts and actin cytoskeleton organization, fundamental in epithelial tissue homeostasis,
are impaired (Bhat et al., 2019; Cavallaro and Christofori, 2004), promoting tumor cells dissociation
and subsequent metastasis (Bogenrieder and Herlyn, 2003). Interestingly, BC gene set (Fig. S2h), that
includes, among others, EGFR, MYC or CTNNB1 genes, is upregulated in AA patients compared to
White patients, suggesting that these women have a higher activation of components and processes
involved in BC development, which may be translated into TNBC’s faster progression and aggressive
behavior. Finally, we also highlight MAPK signaling pathway gene set (Fig. S2i), which is exclusively
upregulated in stage Il disease AA patients. MAPK cascades regulate a variety of cellular processes,
including proliferation, differentiation, apoptosis and stress responses, playing a crucial role in the
survival and development of cancer cells (Guo et al., 2020). Thus, DEG involved in MAPK pathway
exclusively identified in stage Il AA patients, including NTRK1, GADD45C, MAPK12, TRADD or
FGFR2, may contribute to the observed worst prognosis of AA TNBC patients when comparing with
matching White patients. Following GSEA, IPA’s network design, through central regulator
identification and network scoring, successfully recognized EGFR, Myc and Bcl2 as important
candidate ancestry-associated markers, a result that, together with p-Catenin expression, we
corroborated through IHC in an independent cohort.

EGFR is a transmembrane receptor for members of the epidermal growth factor family, reportedly
promoting cell proliferation, motility, and survival via activation of various downstream signaling
pathways, including MAPK and PI3K-AKT-mTOR (Yarden, 2001). EGFR is frequently reported as
overexpressed in several cancers, including TNBC, being associated with poor prognosis, shorter
disease-free survival and aggressiveness (Ali and Wendt, 2017; Foidart et al., 2019; Nakai et al., 2016;
Nielsen et al., 2004; Park et al., 2014; Viale et al., 2009). Yet, some studies reported EGFR under-
expression as being associated with BC progression, metastasis formation (Choong et al., 2007; Wendt
etal., 2015), and bad prognosis (Kreike et al., 2010). Kreike’s study (Kreike et al., 2010) suggested that
EGFR expression in BC patients has a nonlinear relation with disease outcome, with both lower and
higher expression associated with worse outcome, compared to intermediate expression levels. Thus,
the precise role of EGFR remains puzzlingly elusive, particularly in TNBC development and prognosis
in African-ancestry patients. Here, we show that EGFR is downregulated in AA comparing to White
patients, therefore contributing to further clarify this issue.
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Myc is a transcription factor that regulates up to 15% of human genes. It is involved in cell growth,
proliferation, metabolism, differentiation, stress pathways, drug resistance and apoptosis, often
associated with sustaining cell growth in many different cancers (Camarda et al., 2016; Dang et al.,
2006; Fallah et al., 2017). Oncogenic Myc expression is increased in TNBC, as compared to other BC
subtypes (Carey et al., 2018; Horiuchi et al., 2012; Koboldt et al., 2012; Lee et al., 2017), contributing
to chemoresistance and poor prognosis (Carey et al., 2018; Lee et al., 2017). Interestingly, Myc has been
stated as being overexpressed in TNBC in studies mostly composed by White patients or cell lines
(Carey et al., 2018; Horiuchi et al., 2012; Koboldt et al., 2012; Lee et al., 2017), and here we observed
that African-ancestry patients have an even higher expression of Myc.

Apoptosis regulator Bcl2 reportedly acts by promoting cell survival instead of driving cell proliferation.
Impaired apoptosis may preserve preneoplastic cells of their need for trophic factors, potentially
facilitating metastasis to distant sites (Adams and Cory, 2007). Previously, two studies suggested Bcl2
expression as a favorable prognostic marker for HR-positive BCs (Choi et al., 2014; Eom et al., 2016),
and other study as an independent indicator of favorable prognosis for all types of early-stage BC
(Dawson et al., 2010). Nonetheless, the effects of BCL2/Bcl2 low expression in cancer, and its
implications in patients’ prognosis and treatment, are poorly explored. We observed downregulation of
BCL2 expression specifically in premenopausal AAs comparinh with White patients. IHC also showed
that all African-ancestry patients, mostly premenopausal, had low/negative Bcl2 expression.
Interestingly, BCL2 is significantly downregulated in TNBC compared to normal-adjacent BC tissue in
AAs (Supplementary - DGEA), suggesting that this transcription impairment may contribute to TNBC
development in premenopausal African-ancestry patients. These results are in line with the Abdel-Fatah
study (Abdel-Fatah et al., 2013), which showed that Bcl2’s negative expression in early primary-TNBCs
was significantly associated with high proliferation and increased risk of death and recurrence.
Furthermore, they also observed that although Bcl2-negative patients improved survival upon adjuvant-
anthracycline combination-chemotherapy treatment, when these patients do not achieve a pathological
complete response, their prognosis is worse (Abdel-Fatah et al., 2013). Thus, Bcl2 expression may be a
promising prognosis marker for African-ancestry TNBC patients, particularly at younger ages.

Finally, B-Catenin plays a central role in canonical Wnt signaling pathway and as an intermediate in
other signal transduction pathways, including PI3K-AKT pathway. The role and impact of CTNNB1/p-
catenin expression and misregulation in BC have been massively studied (Bankfalvi et al., 1999; Chung
et al., 2004; Dillon et al., 1998; Dolled-Filhart et al., 2006; Fanelli et al., 2008; Karayiannakis et al.,
2001; Lin et al., 2000; Lopez-Knowles et al., 2010; Nakopoulou et al., 2000; Prasad et al., 2008),
following the crescent number of studies about Wnt/B-catenin signaling targeting as a therapeutic target
in many tumors, especially colorectal carcinomas (Cheng et al., 2019; Krishnamurthy and Kurzrock,
2018; O’Toole et al., 2013; Shang et al., 2017). In TNBC, enrichment of canonical Wnt signal pathway
and B-catenin expression is reportedly required for TNBC development by controlling numerous tumor-
associated properties, including migration, stemness, anchorage-independent growth and
chemosensitivity (Xu et al., 2015), being associated with poor clinical outcome (Dey et al., 2013b,
2013a; Geyer et al., 2011; Khramtsov et al., 2010; Lopez-Knowles et al., 2010). In this study, we
observed that African-ancestry TNBC patients express less CTNNB1/B-catenin compared to White
patients, despite the usual worst prognosis in this population, suggesting that stratifying patients by
ancestry is relevant to better understand the role of CTNNB1/B-catenin in TNBC.

Remarkably, even though DGEA were performed using USA patients’ RNA-sequencing data and IHC
in patients’ samples from Portuguese hospitals, gene and protein differential expression show equivalent
results. AA population is predominantly of Niger-Kordofanian/western Africa ancestry (Bryc et al.,
2010; Tishkoff et al., 2009), while 8/12 African-ancestry patients followed in Portugal are from Western
Africa countries, namely Cape Verde, S80 Tomé and Guinea-Bissau (Supplementary - Patients file).
These observations suggest that at least patients with Western Africa ancestry, besides having an higher
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incidence of TNBC (Huo et al., 2009; Newman et al., 2019), also share some TNBC-associated features,
distinct from White patients.

Our results reinforce that TNBC is a heterogeneous disease with ancestry-associated biological features
that should also be considered in addition to the molecular disparities between normal vs BC or TNBC
vs other BC. African-ancestry patients are less represented in clinical trials (Haynes-Maslow et al., 2014;
Owens et al., 2013; Shavers and Brown, 2002), but our study shows how important it is to include a
diverse group of participants in tumor marker, cell-based and clinical trial studies. Importantly, because
human populations are genetically heterogeneous and lack clear-cut genetic boundaries (Serre and
Padbo, 2004; Tishkoff et al., 2009), it is wise to considerer that although we suggest EGFR, Myc, Bcl2
and B-catenin expression as ancestry-associated markers in African-ancestry TNBC patients, other
African-ancestry patients might have the chromosomic regions where those genes are located, or the
chromosomic regions of genes regulating these markers, of other ancestries (Bryc et al., 2010).
Nevertheless, although self-described ancestry should not substitute the specific disease’s etiology for
each individual patient, predictions based on patients’ self-described ancestry in clinical settings may
be helpful in predicting patients’ prognosis and proper treatments, being an easy and inexpensive
guiding method.
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Table 25 Description of TCGA’s African-American and White breast cancer

patients.?
S — e
P-value
(n=183) (n=757)
Age at BC diagnosis, mean (IQR) 56.29 (47 - 67) 58.61 (49 - 67) 0.037°
Tumor type, n (%)

TNBC 52 (28.42) 90 (11.89) <0.0001

HER2 7 (3.83) 22 (2.91) 0.684

Hormone receptor 112 (61.20) 589 (77.81) <0.0001

Indeterminate or not evaluated 12 (6.56) 56 (7.40)

Age at diagnosis of TNBC, mean 55.87 (48 - 62.75) 54.23 (46.25 - 62) 0.780°
(IOR)
Stage at TNBC diagnosis, n (%)

| 9 (17.31) 19 (21.11) 0.741

I 32 (61.54) 56 (62.22) >0.999

I 10 (19.23) 11 (12.22) 0.375

v 1(1.92) 1(1.11) NA

Indeterminate or not evaluated - 3(3.33) NA
Menopause status at TNBC
diagnosis, n (%)

Pre (<6 months since LMP, no

prior bilateral ovariectomy and 9 (17.31) 29 (32.22) 0.082

not on estrogen replacement)

Peri (6-12 months since last 3(5.77) 1(1.11) NA

menstrual period)

Post (prior bilatgral ovariectc_)my 32 (61.54) 55 (61.11) 0.999

or >12 months since LMP with

no prior hysterectomy)

Indeterminate or not evaluated 8 (15.48) 5 (5.56) NA
Follow-up TNBC patients, months 36 83 (14.70 - 50.77)  28.79 (5.78 — 44.92) 0.9320
(IQR)",

Vital Status of TNBC patients, n 0.883
~ Alive 45 (86.54) 80 (88.89)

Dead 7 (13.46) 10 (11.11) NA
Time to death of TNBC patients, 30.75 (25.13 - 36.80) 42,73 (12.43 - 0.743b
months (IQR) 58.94)

@ Some values do not sum to heading totals because of missing data.
b Wilcoxon-Mann-Whitney test. Otherwise, the comparisons are by Pearson's Chi-squared test.
¢ Months of follow-up after initial diagnosis.

RIA Rlmd aeonllalada
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Table 2 Description of the validation cohort.

African-ancestry White
P-value
(n=12) (n=11)
Age at diagnosis of TNBC, a
mean (IQR) 47.75 (37 - 54.25) 64.82 (58 - 70) 0.007
Stage at TNBC diagnosis, n
(%)
| 1(8.33) 4 (36.36) 0.262
1 4(33.33) 2 (18.18) 0.725
i 2 (16.67) 2(18.18) >0.999
v 4 (33.33) 2(18.18) 0.725
Indeterminate or not
2 (16.67 1.1 NA
evaluated (16.67) (1)
Menopause status at TNBC
diagnosis, n (%)
Pre (<6 months since LMP,
no prlor bilateral 7 (58.33) 0 0.010
ovariectomy and not on
estrogen replacement)
Post (prior bilateral
ovariectomy or >12 months 3(25 10 (90.9 0.006
since LMP with no prior (25) (90.9)
hysterectomy)
Indeterminate or not
evaluated 2 (16.67) 1(9.1) NA
Follow-up TNBC patients,
43 (21 - 58) 57 (45 - 73) 0.131
mean (IQR)®
Vital Status of TNBC patients, 50.999
n (%)
Alive 10 (83.33) 10 (90.9) NA
Dead 2 (16.67) 1(9.1) NA
Time to death of TNBC 29 .33 53 0.667

patients, months

@ Wilcoxon-Mann-Whitney test. Otherwise, the comparisons are by Fisher exact test.
b Months of follow-up after initial diagnosis.

NA — Not available

IQR — Interquartile range

LMP — Last menstrual period
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Fig. 1 Kaplan-Meier survival curves of TNBC cases stratified by ancestry up to 12 years follow-up after initial
diagnosis. a All TNBC patients. b Premenopausal (pre-) TNBC patients. ¢ Postmenopausal (post-) TNBC
patients. d Stage | (SI) TNBC patients. e Stage Il (SIl) TNBC patients. f Stage 111 (SI11) TNBC patients. Blue
survival curves correspond to African-American patients (AA), red curves show White patients. Values do
not sum to heading totals because of missing follow-up information.
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Fig. 2 UpSet plot of the differentially expressed genes (FDR<0.05) idenfied in TNBC AA patients comparing with TNBC White patients, obtained in the different differential
gene expression analyses (DGEA). The intersection size represents the number of matching genes. All - DGEA considering all TNBC patients (52 AA vs 89 White). Pre -
DGEA considering premenopausal patients (9 AA vs 29 White). Post - DGEA considering postmenopausal patients (32 AA vs 57 White). SI - DGEA considering stage |
disease patients (9 AA vs 19 White). Sl - DGEA considering stage 1l disease patients (32 AA vs 59 White). SlII - DGEA considering stage 111 disease patients (10 AA vs
12 White). PreSI - DGEA considering premenopausal stage | disease patients (2 AA vs 7 White). PreSll - DGEA considering premenopausal stage 11 disease patients (5 AA
vs 17 White). PreSlIl - DGEA considering premenopausal stage |11 disease patients (2 AA vs 4 White). PostSI - DGEA considering postmenopausal stage | disease patients
(3 AA vs 11 White). PostSIl - DGEA considering postmenopausal stage 1l disease patients (22 AA vs 36 White). PostSIII - DGEA considering postmenopausal stage 11

disease patients (7 AA vs 6 White). AA - African-American.
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Fig. 3 Enriched gene sets in AA patients. Each column corresponds to a group of patients, in the following
order: all TNBC patients, postmenopausal patients, stage Il disease patients and postmenopausal stage 11
disease patients. Green color - negative net direction (Down). Red color - positive net direction (Up).
White color - not statistically significant (FDR.Mixed>0.05). Color intensity is proportional to -
log2(FDR.Mixed) value.

232



APPENDIX A — Manuscript

250+
‘ *
200+
@ 150+ ' ! l I °
o *
Q
@ 4 a -
I 100+
u o ® 0
. *
) ATA
"l & % g -
A ]
0 r r y v r r
¢ & &
C;(Q- é(q- < \‘:\o %a:b o\q, 0{\@ &Q
&7 &S ? Pl
Q Q&

Fig. 4 Differences in H-score between African-ancestry (n=12) and White
(n=11) patients are significantly different for EGFR (p=5.92E-06), Myc
(p=4.01E-04), Bcl2 (p=9.81E-04) and B-Catenin (p=1.44E-04) expression and
have the same net direction as the results obtained in DGEA. A/Blue - African-
ancestry patients. W/Red - White patients. Circles - EGFR expression. Triangles
- Myc expression. Squares - Bcl2 staining. Diamonds - 3-catenin expression.
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Fig. 5 Immunohistochemistry staining of formalin-fixed paraffin embed TNBC
tissue from African-ancestry patients (left) and White patients (right) with a. anti-
EGFR 1gG, b. anti-Myc 1gG, c. anti-Bcl2 1gG and d. anti-B-Catenin 1gG. Brown
color indicates positive reactivity (top), showing protein expression. Black scale
bar - 100 um. Orange scale bar - 50 pm
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