Journal of
Personalized
Medicine

Review

Young Women with Breast Cancer: The Current Role of
Precision Oncology

Amirrtha Srikanthan 12*©, Arif Ali Awan 12, Sharon McGee 2 and Moira Rushton 12

check for
updates

Citation: Srikanthan, A.; Awan, A.A.;
McGee, S.; Rushton, M. Young
Women with Breast Cancer: The
Current Role of Precision Oncology. J.
Pers. Med. 2023, 13, 1620. https://
doi.org/10.3390/jpm13111620

Academic Editor: Laszl6 Mangel

Received: 8 October 2023
Revised: 11 November 2023
Accepted: 14 November 2023
Published: 20 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Division of Medical Oncology, The Ottawa Hospital, 501 Smyth Road, Ottawa, ON K1H 8L6, Canada;
aawan@ohri.ca (A.A.A.); shmcgee@toh.ca (S.M.); moirushton@toh.ca (M.R.)

Department of Medicine, Faculty of Medicine, University of Ottawa, 451 Smyth Road,

Ottawa, ON K1H 8M5, Canada

*  Correspondence: asrikanthan@toh.ca; Tel.: +1-(613)-737-7700

Abstract: Young adults aged 40 years and younger with breast cancer represent less than 5% of all
breast cancer cases, yet it is the leading cause of death among young women with cancer worldwide.
Breast cancer that develops at a young age is more aggressive and has biological features that carry an
increased risk of relapse and death. Young adults are more likely to have a genetic predisposition and
key biomarkers, including endocrine receptors, the HER2 receptor, and proliferation biomarkers, that
appear different compared to older adults. Despite being more aggressive, management strategies
are largely the same irrespective of age. Given the higher rates of genetic predisposition, fast access to
genetic counselling and testing is a necessity. In this review, the biological differences in young adult
breast cancer and the current role precision medicine holds in the treatment of young adults with
breast cancer are explored. Given the relatively high risk of relapse, developing novel genomic tools to
refine the treatment options beyond the current standard is critical. Existing predictive genomic tests
require careful interpretation with consideration of the patient’s clinical and pathological features in
the young patient cohort. Careful evaluation is also required when considering extended endocrine
therapy options. Improved characterization of mutations occurring in tumors using next-generation
sequencing could identify important driver mutations that arise in young women. Applying the
advances of precision medicine equitably to patients in resource-rich and low- and middle-income
countries will be critical to impacting the survival of young adults with breast cancer worldwide.
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1. Introduction

Breast cancer in the young adult (ages 18-39 years) population is rare, representing
less than 5% of all cases, with the median age of a breast cancer diagnosis being in the
early 60s [1]. However, breast cancer is the most frequent form of cancer affecting young
women younger than 40 years of age throughout the world and one of the leading causes
of cancer-related death [2]. In addition, breast cancer rates in younger women continue to
rise despite stability of rates in older women [3]. Young age of onset is recognized as an
independent factor for poor prognosis [4]. Tumors are often larger, of higher grade, and
frequently present with regional or distant spread [5,6]. Young adults with breast cancer
also exhibit differences in molecular subtype compared to older women and [6] are more
likely to have aggressive tumors [7]. Furthermore, most breast cancer screening programs
begin at the age of 50 years, with none at younger than age 40 years in the absence of
hereditary syndromes [8]. Collectively, these factors contribute to breast cancer being the
leading cause of cancer-related death in women younger than age 40 years, with survival
rates among young adults with breast cancer lower than those of older women, even when
given comparable treatments [9].

Precision medicine, the approach of customizing disease prevention and treatment
by integrating the unique molecular or genomic differences in individuals, serves many
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roles in breast cancer management [10]. Through the routine identification of biomarkers
that tailor treatment, to genomic testing that allows for prognostication [11,12], examples
of precision medicine can be found in the management of adjuvant and metastatic breast
cancer [6]. In breast cancer management, advances in precision medicine have already
resulted in approved treatments that are tailored to the specific characteristics of a patient,
such as a person’s genetic makeup or the genomic profile of their tumor. Despite progress
in precision medicine and the recognition that young adults with breast cancer experience
more aggressive tumors with poorer prognosis, further advances are needed to tailor
treatment to young adult breast cancer disease biology and recurrence risk. In this review
we will explore the biological differences in young adult breast cancer and the current role
precision medicine holds in the treatment of young adults with breast cancer.

Biology of Breast Cancer in Young Adults

Cumulative evidence demonstrates that young adults with breast cancer exhibit dif-
ferences in breast cancer biology compared to older adults (Table 1). Large prospective
observational studies have been undertaken assessing the pathological features identified
in young women younger than 40 years of age at diagnosis [13]. The Prospective Study of
Outcomes in Sporadic and Hereditary Breast Cancer (POSH) study assessed 2956 patients
between 2000 to 2008. The median age of diagnosis was 36 years. Of these women, the
majority had ductal histology (86.5%) and grade three tumors (58.9%). The median tumor
size was 22 mm, half of the patients were node positive (50.2%), and multifocality was ob-
served in 27%. Estrogen receptor (ER) status was negative in 33.7%, and 24% were human
epidermal growth factor receptor 2 (HER2) positive. The Young Women's Breast Cancer Study
demonstrated similar results [14]. This study assessed 1297 women recruited from 2006 to
2016, with a new diagnosis of breast cancer at age 40 years or younger. The median age of
diagnosis was 37 years. Most of the recruited patients were White (85%). Approximately
58% of invasive tumors were high grade. With respect to subtype, 32.9% were luminal A,
42.4% luminal B, 8.3% HER2-enriched, and 16.4% triple-negative. There were no differences
in molecular phenotype, stage, grade or histopathology between the different age groups
(<30 years, 31-35 years, and 3640 years). Germline BRCA mutations were found in 11% of
tumors, of which 64.1% were BRCA1 carriers (63.1% triple-negative) and 35.9% were BRCA2
carrier (55.3% luminal B). The Canadian Reducing the Burden of Breast Cancer in Young
Women (RUBY) study is an ongoing prospective study that aims to learn more about the
impacts of biology, genetics, lifestyle, and treatment on outcomes in this population [15].

Table 1. Differences in the biology of breast cancer for young women.

Clinical-Pathological Features

Expression Profile Genomic Profile

Higher grade

Larger size

Greater risk of lymph
node involvement

Germline: higher likelihood of hereditary

Lesser likelihood to be luminal A syndromes, particularly BRCA1/2 and
Higher likelihood to be luminal B, Li-Fraumeni (TP53 mutation)
basal, or HER2 enriched Differential alterations in PI3K, MAPK,

BRCA1/apoptosis, TP53, and RANK-L pathways

Several retrospective studies have also evaluated differences in pathological features
based on age. A large analysis was undertaken of more than 200,000 patients, of whom
approximately 15,000 were younger than age 40 years at diagnosis, from the US Surveillance,
Epidemiology, and End Results database [16]. This study identified that compared to older
adults (>40 years), young adults more commonly were diagnosed with tumors that were:
large (p < 0.0001), poorly differentiated (p < 0.0001), lymph node positive (p < 0.0001), and
ER negative (p < 0.0001). Additionally, a population-based study from the California Cancer
Registry, which included 5,605 patients aged younger than 40 years at diagnosis, showed
higher HER2 expression in younger patients [17]. Multiple studies in hospital-based
settings internationally corroborate these findings [18-20] in that breast cancer diagnosed
in young adults has more aggressive pathological features.
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Breast cancer is recognized as a heterogenous disease with at least four intrinsic sub-
types: luminal-A, luminal-B, basal-like and HER2-enriched subtypes [21]. Gene expression
profiling has been undertaken to characterize the pattern of breast cancer molecular sub-
types in young adults with breast cancer. Young adults had a significantly higher proportion
of higher risk basal-like tumors: 34.3% in those younger than 40 years compared to 27.7%,
20.8%, and 17.9% in the other age groups (41 to 52, 53 to 64, and >65 years, respectively)
(p < 0.0001). A higher proportion of HER2-enriched tumors was also identified in young
patients. Conversely, young adults were less likely to have more favorable risk luminal-A
tumors compared to older age groups: 17.2% compared to 30.7%, 35.1%, and 35.4% (41 to
52, 53 to 64, and >65 years, respectively) (p < 0.0001) [7].

Studies have also used immunohistochemical surrogates with varying definitions to
assess tumor subtypes in young adults with breast cancer. The distribution of subtypes
observed varied between these hospital-based studies. For example, basal-like tumors
ranged from 19 to 38% [6]. Collectively, these studies demonstrate that there is a lower
prevalence of ER-positive/HER2-negative tumors in younger patients but a high proportion
of triple-negative tumors, and HER2 over-expression irrespective of ER status.

Complicating the understanding of biological differences across the breast cancer
spectrum are the definitions used in studies. ‘Young age’ has often been synonymous
with ‘premenopausal’ which can include women younger than age 50 years. Evaluations
have been undertaken in the broader ‘premenopausal’ age range. In a large analysis
of 1427 patients, aggressive features were more frequently identified in tumors of pre-
menopausal patients [18]. Similar findings were identified in a large study from the Korean
Breast Cancer Society registry including 9885 patients 50 years or younger at diagnosis [22].
When assessing young women 40 years or younget, no significant differences were iden-
tified in histological features or ER, progesterone receptor (PR), and HER2 expression
between patients 30 years or younger, 31 to 35 years and 36 to 40 years [23]. Collectively,
these findings suggest that there are more aggressive tumor features in young adults with
breast cancer; however, the distinctions appear to occur below the age of 35 or 40.

2. Molecular Profiling in Young Adults with Breast Cancer

Studies utilizing gene expression profile comparison have identified specific genes and
molecular profiles that could help identify unique factors associated with younger women
with breast cancer. One of the first attempts looked at 200 patients aged 45 years or younger
compared to 211 patients aged 65 years and older. These studies initially suggested that
there are differences in expression patterns between tumors in younger versus older women.
However, when these older studies were reanalyzed, the conclusions were questioned [24].
A higher probability of PI3K (p = 0.006) and Myc (p = 0.03) pathway deregulation was
identified in tumors arising in younger patients when originally evaluated. However, the
original analysis was not adjusted for known prognostic factors, such as differences in
intrinsic subtypes. A similar analysis was repeated by the same group with adjustment for
intrinsic subtypes. This repeat analysis identified that younger patients had more basal-
like tumors. However, after adjustment for subtype differences, no distinct age-related
molecular differences could be identified.

A more recent pooled gene expression analysis evaluating two datasets including
1188 (<40 years = 191) and 2334 (<40 years = 260) patients was published in 2012 [7].
This work assessed the association between age and gene alterations identified through
literature searches to be related to early-onset breast cancer (breast cancer presenting
prior to the age of 45) [25]. The analysis was adjusted for differences in intrinsic subtype,
histological grade, tumor size, and nodal status. These independent datasets demonstrated
that young patients had higher expression of c-kit (p < 0.001), RANK-ligand (p < 0.0001),
mammary stem cell progenitors (p < 0.0001), and luminal progenitors and germline(g)
BRCA1 mutation signatures (p = 0.007). Increased disruption of the MAP kinase and
PI3K pathways (p < 0.0001) was identified, in addition to lower expression of gBRCA1
(p = 0.003) and apoptosis-related genes, particularly FAS (p = 0.03). These alterations in



J. Pers. Med. 2023, 13, 1620

40f13

growth pathways and DNA repair may provide some explanation for the more aggressive
breast cancer phenotype seen in young women.

The differences identified may be explained by the more contemporary datasets includ-
ing four times more patients. Additionally, the prior paper utilized an unbiased approach
in searching for genes associated with age. This approach requires higher numbers of
patients, due to adjustment for confounders and multiple comparisons [24]. The results
from the recent datasets suggest insights into the biology of young adults with breast
cancer [7]. For example, high gBRCA1 mutation signature expression is consistent with the
higher prevalence of gBRCA1 mutations in young patients [26,27]. Patients with BRCA1
mutations are also more commonly diagnosed with basal-like tumors [28]. Earlier research
has suggested that luminal progenitors may be the cell of origin in these tumors [29].
The higher expression of gBRCA1 mutation signatures and luminal progenitors in young
patients may explain why young adults develop basal-like tumors at higher frequencies.

Several studies have made attempts to understand the somatic mutations of breast
cancer. Next-generation sequencing (NGS) has identified point mutations in TP53 and
PIK3CA genes, which account for 25% of cases [30,31]. Less is known about the mutation
patterns of young women. Whole-genome sequencing of 100 breast tumors found no
correlation between age at diagnosis and total somatic base substitutions for ER-positive
and ER-negative tumors [32].

Ongoing studies have focused on specific genes that have been linked to aggressive
breast cancer at a young age, such as gBRCA1 and TP53. There is also investigation
into the role of the tumor microenvironment/stroma in the initiation and progression
of breast cancer in young adults [33]. Studies of molecular mechanisms of breast cancer
subgroups in all adults can be informative for young adults as well, as no consistently
unique young adult factors have been definitively identified [34]. Carefully controlled
analysis of gene expression signatures in young adult tumors relative to the same subtypes
in older patients are needed to determine if a specific signature is linked to young adult
breast cancers [35]. Additionally, further studies evaluating potential biologic differences
based on ethnic background in the young adult population are needed. It is recognized
that certain ethnicities, such as African Americans, are at increased risk of aggressive triple-
negative breast cancer [36,37]. Research to understand the biology and genetics of breast
cancer as it relates to ethnic identity are important. Detailed studies of triple-negative /basal
subgroups are particularly important as these breast cancers are more frequent in young
adults [38]. Whole-genome analysis with deep sequencing may also identify mutations
or polymorphic patterns that could be linked to breast cancer susceptibility in young
adults [39].

3. Impact of Precision Medicine on the Clinical Management of Young Adults
Affected by Breast Cancer

3.1. Genetic Predisposition

Young adults with breast cancer are more likely to have underlying genetic conditions
that contribute to the higher chances of developing malignancies [40]. Cancer predisposi-
tion syndromes such as Li-Fraumeni and germline mutations in inherited breast and/or
ovarian cancer genes commonly lead to the development of cancer among young adults.
Approximately half of young adults with breast cancer diagnosed before 30 years have
germline BRCA1, BRCA2, or TP53 mutations [41]. These mutations are associated with up
to a 70% lifetime risk of breast cancer [42]. In a large sample of over 21,000 families who
met German BRCA1/2 mutation testing criteria, a germline mutation was identified in
13.7% of families who presented with a single case of breast cancer diagnosed at younger
than 36 years [43]. The emphasis on initiating screening earlier among individuals with
hereditary syndromes compared to standard population recommendations reflect the early
age of onset observed in hereditary breast cancer [44,45].

The identification of underlying genetic conditions has a direct impact on clinical care.
Individuals with hereditary syndromes are at increased risk of early-onset in addition to
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bilateral breast cancer. The pathogenic variants associated with these hereditary syndromes
are considered highly penetrant [41].

Local therapy decisions (i.e., surgery) are influenced by the presence of a known mutation.
Thus, it is critical that genetic counselling and testing be offered to young adults as soon as
possible after a breast cancer diagnosis. Guidelines recommend considering risk-reducing
bilateral mastectomy among patients with BRCA1/2, PALB2, TP53, and other germline
mutations predisposing to breast cancer [41]. In addition, prophylactic bilateral salpingo-
oopherectomy is recommended between the ages of 35 to 40 years and at age 40 years in
BRCA1 and BRCAZ2 carriers, respectively, after the completion of childbearing [41].

Information about genetic alterations also informs systemic therapy options with
PARP inhibitors, approved for use in gBRCA1/2 mutations—which are more likely to be
harbored by young adults. In the OLYMPIA trial, which randomized 1836 patients with
high-risk HER2-negative early-stage breast cancer and gBRCA1/2 mutations to 1 year of ad-
juvant olaparib or a placebo, olaparib significantly improved invasive disease-free survival
(3-year rate, 85.9% vs. 77.1%; p < 0.001) and overall survival (4-year rate, 89.8% vs. 86.4%;
p =0.009) [46,47]. PARP inhibitors have also demonstrated benefits in the unresectable
advanced /metastatic breast cancer setting, for patients with genetic mutations [48,49]. The
use of precision medicine in genetic testing for young adults with breast cancer has led
to tailored clinical management strategies in prevention and treatment that have directly
improved mortality.

3.2. Integrating Precision Medicine through Genomic Testing

Multiple genomic tests are available to improve prognostication and guide decision-
making around systemic therapy in the adjuvant setting for breast cancer [21]. Several
studies have investigated the prognostic performance of the Oncotype DX, Breast Cancer
Index (BCI), Prosigna, MammaPrint, and EndoPredict genomic assays in various set-
tings [50,51]. This includes the immediate adjuvant setting as well as the late recurrence
setting (>5 years after diagnosis) [50].

These tests add further information to classic clinicopathologic prognostic variables in
patients with ER-positive tumors and reliably distinguish between patients at low and high
risk of recurrence [51]. Given their reliability and cost-effectiveness [52], they are considered
standard clinical practice to differentiate those who will derive benefit from chemotherapy
and those who will not and can therefore safely avoid the toxicity from chemotherapy.

Despite their utility, concerns about whether these assays have the same prognostic
value in young adults have been raised, as these signatures were mainly developed using
the postmenopausal female population. The initial work on MammaPrint, for example,
included 295 patients, of whom only 63 (21%) were younger than 40 years. Of these
63 patients, 52 young adult patients (82%) were classified as high risk [53]. The same
finding was observed in earlier studies with Oncotype DX, where only 59 out of 668 (8.8%)
patients were younger than 40 years, yet the majority of young patients had a high-risk
score (33/59; 56%) [11]. This finding was higher than the proportion of high-risk scores
in patients aged 40 to 50 (29%), 50 to 60 (25%) and >60 years (21%). Other genomic
signatures were also developed using populations of older patients; thus, extrapolating
from these studies and determining the value of these signatures in the young population
is challenging. Due to the minority of patients aged 40 years and younger represented in
validation studies, the adoption of genomic testing in young adults with breast cancer has
lagged behind older women [54].

In premenopausal patients, clinicians may use Oncotype DX in patients with node-
negative ER-positive and HER2-negative breast cancer. Those with low recurrence scores
(RS) can forego chemotherapy. However, in the TAILORXx trial, the addition of chemother-
apy to endocrine therapy was associated with a decrease in the 9-year rate of distant
recurrence in node-negative patients age 50 years or younger with RS 21-25 (difference,
6.4 £ 4.9%) and RS 16-20 if the clinical risk was high (difference, 6.5 £ 4.9%) [55,56]. This
contrasts the main analysis, which demonstrated endocrine therapy alone was effective
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for tumors with intermediate RS. Additionally, there was no difference observed in distant
relapse-free survival at 6 years by receipt of chemotherapy among node-negative patients
age 40 and younger with RS 11-25 enrolled in the Young Women's Breast Cancer Study,
a prospective observational cohort [57]. Patients with and without chemotherapy in this
setting had a good prognosis. It is challenging to determine whether patients treated with
chemotherapy in this retrospective group may have had other higher risk features that
resulted in benefit from chemotherapy.

In RxPONDER trial, chemotherapy in addition to endocrine therapy in premenopausal
women with one to three involved nodes and RS 0-25 was associated with an improved
5-year rate of invasive disease-free survival (93.9% vs. 89.0%; p = 0.002) and distant relapse-
free survival (96.1% vs. 92.8%; p = 0.0009). However, postmenopausal women with these
same characteristics could safely forego chemotherapy [58]. A similar finding was identified
using the MammaPrint genomic test. Women aged 50 years and younger with high clinical
risk and low genomic risk had improved distant metastasis-free survival at 8 years with
the addition of chemotherapy to endocrine therapy versus endocrine therapy alone in the
recently updated MINDACT trial. No chemotherapy benefit was seen in the over-50 age
group [12].

Of relevance, only 13-15% of premenopausal women who received endocrine therapy
on these trials received concurrent ovarian function suppression. Thus, questions remain
regarding whether the survival advantage young adults derived from chemotherapy was
a result of ovarian suppression as opposed to direct cytotoxicity. Chemotherapy-related
amenorrhea is a well-established predictor for improved disease-free survival and overall
survival in premenopausal patients with hormone receptor-positive disease [59,60]. The
higher incidence of chemotherapy-related amenorrhea in older premenopausal adults may
explain the beneficial impact of chemotherapy in patients ages 41-45 and 46-50 years with
an intermediate RS but not in those age 40 years and younger in a subgroup analysis of
the TAILORX trial [56,59]. The currently accruing OFSET study is attempting to answer
this question. In this study, all premenopausal women with ER-positive, HER2-negative
early-stage breast cancer receive an aromatase inhibitor with ovarian function suppression.
Those with an RS of 25 or less (if they have positive lymph nodes) or 16-25 (if they are
lymph node negative) are randomized to receive or omit chemotherapy [61].

Until more data are available to guide the optimal use of chemotherapy in young
women with breast cancer, some experts recommend an individualized approach for
intermediate-risk patients. This approach would consider clinicopathologic risk factors and
the risks and benefits of adjuvant chemotherapy, particularly when maximal endocrine ther-
apy is planned. One such strategy includes using neoadjuvant endocrine responsiveness,
determined by change in Ki67 score to short course pre-operative endocrine therapy, cou-
pled with the Oncotype DX RS. Using such an approach enables sparing of chemotherapy
usage in pre- and post-menopausal women with <3 affected lymph nodes [62].

After 5 years of adjuvant endocrine therapy, some patients with hormone receptor-
positive breast cancer still have a significant risk for late recurrence [63], including distant
metastases, that might be prevented with longer durations of endocrine therapy [64]. How-
ever, the added toxicity and variable benefit derived from extended endocrine therapy
make optimal patient selection crucial. Genomic assays are in development to risk-stratify
patients for late recurrence and determine the efficacy of extended endocrine therapy [65],
with the aim to help guide extended endocrine therapy decisions for clinicians and indi-
vidualize treatment strategies for patients. Furthermore, young women are less likely to
be adherent to endocrine therapy than older women due to increased treatment-related
toxicities including vasomotor symptoms. Thus, accurate identification of patients who
will benefit from extended therapy can aid with adherence counselling [66]. Strategies are
needed to clearly identify those who will benefit from ovarian suppression and extended
adjuvant therapy. While some tools already exist (e.g., CTS-5 score), integrating molecular
and genomic information may be of value and is an area of future research [67,68].
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3.3. Increasing Role of Precision Medicine for Young Adults with Metastatic Breast Cancer

In the metastatic setting, the standard of care integrates biomarker testing with treat-
ment regimens determined by ER and HER?2 status. By targeting driver alterations, we
have achieved significant improvements in survival in advanced breast cancer. For ex-
ample, systemic therapy for advanced hormone receptor-positive, HER2-negative breast
cancer has dramatically changed over the past decade. CDK 4/6 inhibitors in combination
with endocrine therapy (e.g., aromatase inhibitors +/ — ovarian suppression) are now the
standard of care in the first line setting for these patients, with data showing definitive
survival benefits in young pre- and peri-menopausal females with this approach [69,70].
Determining the optimal sequence of systemic therapy after progression on a first-line
therapy for hormone receptor-positive, HER2-negative breast cancer is an evolving space.

NGS technologies have evolved such that the mutational landscape of tumors can
be profiled with relatively reasonable costs and time frames. This increased accessibility
enables the integration of NGS into clinical care delivery [71]. In metastatic breast cancer,
identifying actionable genomic alterations can lead to the tailored use of effective new
therapies in a rational and sequential manner, thus prolonging survival and delaying the
requirement for more toxic chemotherapy [72].

The sequence of treatment after progression on a previous CDK 4/6 inhibitor and
endocrine therapy is becoming more complicated due to increasing therapeutic options.
Recognizing this complexity, expert opinion papers in breast cancer provide guidelines
to help clinicians prioritize treatment options [73,74]. This remains an active area of
research, with numerous ongoing clinical trials investigating targeted therapies in the
post CDK4/6 inhibitor space. Based on expert opinion, ERBB2 amplification, BRCA1/2
mutations, and PIK3CA mutations have evidence for targeted therapies supported by large
randomized clinical trials. ESR1 mutations and PTEN loss have drug matches associated
with antitumor activity; however, the magnitude of benefit is unknown [73]. Other potential
driver mutations exist, although are less common (Table 2). If access to clinical trials and/or
targeted agents such as PIK3CA inhibitors, AKT inhibitors, oral SERDs, and PARP inhibitors
are available, NGS for genomic alterations should be made available to patients [72], thus
allowing for precision medicine to tailor treatment. Generally, systemic treatment options
after the development of endocrine-resistant disease are limited to the sequential use of
single-agent chemotherapy.

Table 2. Summary of currently actionable alterations in breast cancer [74].

Gene Alteration Targeted Therapy Prevalence Actionability
ERBB2/Her2 Amplifications Her2-directed therapies 15-20%
PIK3CA Hotspot mutations PIK3CA alpha inhibitors 30-40%
BRCA1/2 Germline PARP inhibitors 4% Improved outcomes in

clinical trials

Immune checkpoint

Mismatch repair MSI-H inhibitors <1%
NTRK Fusions NTRK inhibitors <1%
ESR1 Hotspot mutations Selective estrogen receptor 10-20%
degraders
. PIK3CA/AKT/mTOR o . ..
PTEN Hotspot mutations inhibitors 7% Antl—tum01.r activity
: but magnitude of
High TMB Hotspot mutations fmmune checkpoint 3-5% benefit unknown
inhibitors
ERBB2/Her2 Hotspot mutations Small molecular inhibitors 2-4%
AKT1 Mutation AKT inhibitors 2-5%
BRCA1/2 Somatic PARP inhibitors 3% Hypothetical benefit
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In the metastatic triple-negative setting, integration of genetic testing, for example,
allows for the use of PARP inhibitors in patients with gBRCA1/2 mutations [48,49]. PDL-1
status is also used as a marker to determine which individuals may or may not benefit from
immunotherapy [75]. In the HER2-positive and HER2-low setting, various therapies target-
ing HER2 expression have demonstrated improvements in survival [76,77]. Although clear
examples of precision medicine advancements are available for patients with metastatic
breast cancer with all subtypes, the treatment approach remains similar across ages.

4. Ethical Considerations

In regions where populations are much younger and population-based screening is
not routine compared to North America, such as Africa and the Middle East, up to 20%
of patients are diagnosed with breast cancer below the age of 40 years [19,78,79]. It is
unknown whether underlying genetic differences or environmental factors result in young
women in Africa and the Middle East being more prone to breast cancer development and
is thus the subject of ongoing research [80]. Furthermore, rates of breast cancer among
young women are increasing globally, driven by countries with lower resources [2].

Much of the current understanding regarding breast cancer biology and management
is driven by data from North American and European countries. There is increasing data
from Asian high-income countries that the host biology may be clinically relevant. For
example, higher prevalence of luminal-B subtypes has been identified in Asian studies [81].
Even among countries with access to equivalent resources, the inclusion of more ethnically
diverse patients is necessary to understand the degree of interethnic heterogeneity.

This poses ethical challenges as advances in care through precision medicine are made.
The technical and human infrastructure needed for the diagnosis, treatment, and monitor-
ing of cancers is suboptimal in affluent countries [71]; however, it is especially challenging
in low- and middle-income countries [82]. NGS has rarely been applied to tumors from
low- and middle-income countries, however, this remains an area of opportunity for the
future. The capacity to detect cancer-associated mutations in the peripheral blood, through
liquid biopsy for example, is a minimally invasive diagnostic tool using cell-free DNA and
circulating tumor DNA (ctDNA). Emerging work has demonstrated the ability of ctDNA to
monitor the tumor burden in women undergoing therapy for metastatic breast cancer [83].
Developing alternative diagnostic and treatment monitoring methods can be attractive in
low- and middle-income countries given the limited availability of clinical pathology and
radiography in these countries [82].

Even in high-income countries, there is a significant difference in outcomes for young
women of racial/ethnic minorities diagnosed with breast cancer [84]. While many factors
likely influence this outcome, this disparity highlights the need for more targeted research
and clinical care for these populations to improve survival. Existing genomic testing
tools have demonstrated lower prognostic accuracy in African American females in the
US with Oncotype DX [85] or differing prognostic information between existing tools
(Oncotype DX and MammaPrint) [86]. Better model calibration is required in racially and
ethnically diverse populations to improve survival. As precision medicine continues to
evolve and further advances are made in the management of young women with breast
cancer, strategies to ensure these advances are valid across diverse populations and can be
accessed globally are important.

5. Future Directions

Breast cancer that develops at a young age is more aggressive and has potentially
distinct features that impact not only breast cancer risk but also breast cancer phenotype and
biology. Despite this clear uniqueness, management strategies are often the same regardless
of age. There is a need to develop a biology-driven approach to refine treatment for young
adults with breast cancer [87]. Given the relatively high risk of relapse, developing novel
genomic tools to tailor the treatment-decision process is critical. These tools can guide
not only when to withhold chemotherapy when there is little benefit, but also identify
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who might be appropriate for extended adjuvant therapy. As up to 40 to 50% of young
ER-positive patients relapse after 5 years [13], such tools can identify individuals who could
derive greater benefit from extended adjuvant therapy. Finally, improved characterization
of somatic mutations that occur in tumors arising in young adults using NGS may identify
key driver mutations to target. Applying the advances of precision medicine equitably to
patients in resource-rich and low- and middle-income countries will be critical to improving
the outcomes of young adults with breast cancer worldwide.

Author Contributions: Conceptualization, A.S.; writing—original draft preparation, A.S.; writing—
review and editing, A.S., A.A.A., S.M. and M.R,; project administration, A.S.; supervision: A.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.

12.

13.

14.

15.

DeSantis, C.E.; Ma, J.; Gaudet, M.M.; Newman, L.A.; Miller, K.D.; Goding Sauer, A.; Jemal, A.; Siegel, R.L. Breast cancer statistics,
2019. CA Cancer . Clin. 2019, 69, 438-451. [CrossRef]

You, L.; Lv, Z,; Li, C.; Ye, W,; Zhou, Y,; Jin, J.; Han, Q. Worldwide cancer statistics of adolescents and young adults in 2019: A
systematic analysis of the Global Burden of Disease Study 2019. ESMO Open 2021, 6, 100255. [CrossRef] [PubMed]

Ellington, T.D.; Miller, ] W.; Henley, S.J.; Wilson, R.J.; Wu, M.; Richardson, L.C. Trends in Breast Cancer Incidence, by Race,
Ethnicity, and Age Among Women Aged >/=20 Years—United States, 1999-2018. MMWR Morb. Mortal. Wkly. Rep. 2022, 71,
43-47. [CrossRef] [PubMed]

Bleyer, A.; Barr, R.; Hayes-Lattin, B.; Thomas, D.; Ellis, C.; Anderson, B.; Biology and Clinical Trials Subgroups of the US
National Cancer Institute Progress Review Group in Adolescent and Young Adult Oncology. The distinctive biology of cancer in
adolescents and young adults. Nat. Rev. Cancer 2008, 8, 288-298. [CrossRef] [PubMed]

Zabicki, K.; Colbert, J.A.; Dominguez, EJ.; Gadd, M.A.; Hughes, K.S.; Jones, ].L.; Specht, M.C.; Michaelson, ].S.; Smith, B.L. Breast
cancer diagnosis in women < or = 40 versus 50 to 60 years: Increasing size and stage disparity compared with older women over
time. Ann. Surg. Oncol. 2006, 13, 1072-1077. [CrossRef]

Azim, H.A,, Jr,; Partridge, A.H. Biology of breast cancer in young women. Breast Cancer Res. 2014, 16, 427. [CrossRef]

Azim, H.A,, Jr.; Michiels, S.; Bedard, P.L.; Singhal, S.K,; Criscitiello, C.; Ignatiadis, M.; Haibe-Kains, B.; Piccart, M.].; Sotiriou, C.;
Loi, S. Elucidating prognosis and biology of breast cancer arising in young women using gene expression profiling. Clin. Cancer
Res. 2012, 18, 1341-1351. [CrossRef]

Wilkinson, A.N.; Ellison, L.E; Billette, ].M.; Seely, ].M. Impact of Breast Cancer Screening on 10-Year Net Survival in Canadian
Women Age 40-49 Years. J. Clin. Oncol. 2023, 41, 4669-4677. [CrossRef]

Cancello, G.; Maisonneuve, P; Rotmensz, N.; Viale, G.; Mastropasqua, M.G.; Pruneri, G.; Veronesi, P; Torrisi, R.; Montagna, E.;
Luini, A.; et al. Prognosis and adjuvant treatment effects in selected breast cancer subtypes of very young women (<35 years)
with operable breast cancer. Ann. Oncol. 2010, 21, 1974-1981. [CrossRef]

Ginsburg, G.S.; Phillips, K.A. Precision Medicine: From Science To Value. Health Aff. (Millwood) 2018, 37, 694-701. [CrossRef]
Paik, S.; Shak, S.; Tang, G.; Kim, C.; Baker, ]J.; Cronin, M.; Baehner, FL.; Walker, M.G.; Watson, D.; Park, T.; et al. A multigene
assay to predict recurrence of tamoxifen-treated, node-negative breast cancer. N. Engl. |. Med. 2004, 351, 2817-2826. [CrossRef]
[PubMed]

Piccart, M.; van’t Veer, L.J.; Poncet, C.; Lopes Cardozo, ] M.N.; Delaloge, S.; Pierga, ].Y.; Vuylsteke, P.; Brain, E.; Vrijaldenhoven, S.;
Neijenhuis, P.A.; et al. 70-gene signature as an aid for treatment decisions in early breast cancer: Updated results of the phase 3
randomised MINDACT trial with an exploratory analysis by age. Lancet Oncol. 2021, 22, 476-488. [CrossRef] [PubMed]
Copson, E.; Eccles, B.; Maishman, T.; Gerty, S.; Stanton, L.; Cutress, R.I.; Altman, D.G.; Durcan, L.; Simmonds, P.; Lawrence, G.;
et al. Prospective observational study of breast cancer treatment outcomes for UK women aged 1840 years at diagnosis: The
POSH study. J. Natl. Cancer Inst. 2013, 105, 978-988. [CrossRef] [PubMed]

Guzman-Arocho, Y.D.; Rosenberg, S.M.; Garber, ].E.; Vardeh, H.; Poorvu, P.D.; Ruddy, K.J.; Kirkner, G.; Snow, C.; Tamimi, RM,;
Peppercorn, J.; et al. Clinicopathological features and BRCA1 and BRCA2 mutation status in a prospective cohort of young
women with breast cancer. Br. . Cancer 2022, 126, 302-309. [CrossRef]

Quan, M.L; Olivotto, I.A.; Baxter, N.N.; Friedenreich, C.M.; Metcalfe, K.; Warner, E.; MacLennan, K.; Stephen, J.E.; Akbari, M.R,;
Howell, D.; et al. A pan-Canadian prospective study of young women with breast cancer: The rationale and protocol design for
the RUBY study. Curr. Oncol. 2020, 27, e516-e523. [CrossRef]


https://doi.org/10.3322/caac.21583
https://doi.org/10.1016/j.esmoop.2021.100255
https://www.ncbi.nlm.nih.gov/pubmed/34481330
https://doi.org/10.15585/mmwr.mm7102a2
https://www.ncbi.nlm.nih.gov/pubmed/35025856
https://doi.org/10.1038/nrc2349
https://www.ncbi.nlm.nih.gov/pubmed/18354417
https://doi.org/10.1245/ASO.2006.03.055
https://doi.org/10.1186/s13058-014-0427-5
https://doi.org/10.1158/1078-0432.CCR-11-2599
https://doi.org/10.1200/JCO.23.00348
https://doi.org/10.1093/annonc/mdq072
https://doi.org/10.1377/hlthaff.2017.1624
https://doi.org/10.1056/NEJMoa041588
https://www.ncbi.nlm.nih.gov/pubmed/15591335
https://doi.org/10.1016/S1470-2045(21)00007-3
https://www.ncbi.nlm.nih.gov/pubmed/33721561
https://doi.org/10.1093/jnci/djt134
https://www.ncbi.nlm.nih.gov/pubmed/23723422
https://doi.org/10.1038/s41416-021-01597-2
https://doi.org/10.3747/co.27.6751

J. Pers. Med. 2023, 13, 1620 10 of 13

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Gnerlich, J.L.; Deshpande, A.D; Jeffe, D.B.; Sweet, A.; White, N.; Margenthaler, ].A. Elevated breast cancer mortality in women
younger than age 40 years compared with older women is attributed to poorer survival in early-stage disease. J. Am. Coll. Surg.
2009, 208, 341-347. [CrossRef]

Keegan, T.H.; DeRouen, M.C; Press, D.J.; Kurian, A.W.; Clarke, C.A. Occurrence of breast cancer subtypes in adolescent and
young adult women. Breast Cancer Res. 2012, 14, R55. [CrossRef]

Colleoni, M.; Rotmensz, N.; Robertson, C.; Orlando, L.; Viale, G.; Renne, G.; Luini, A.; Veronesi, P; Intra, M.; Orecchia, R.; et al.
Very young women (<35 years) with operable breast cancer: Features of disease at presentation. Ann. Oncol. 2002, 13, 273-279.
[CrossRef]

El Saghir, N.S.; Seoud, M.; Khalil, M.K.; Charafeddine, M.; Salem, Z.K.; Geara, F.B.; Shamseddine, A.I. Effects of young age at
presentation on survival in breast cancer. BMIC Cancer 2006, 6, 194. [CrossRef]

Anwar, S.L.; Raharjo, C.A.; Herviastuti, R.; Dwianingsih, E.K.; Setyoheriyanto, D.; Avanti, W.S.; Choridah, L.; Harahap, W.A;
Darwito, A.T.; Wulaningsih, W.; et al. Pathological profiles and clinical management challenges of breast cancer emerging in
young women in Indonesia: A hospital-based study. BMC Womens Health 2019, 19, 28. [CrossRef]

Sotiriou, C.; Pusztai, L. Gene-expression signatures in breast cancer. N. Engl. ]. Med. 2009, 360, 790-800. [CrossRef] [PubMed]
Han, W.; Kang, S.Y.; Korean Breast Cancer, S. Relationship between age at diagnosis and outcome of premenopausal breast
cancer: Age less than 35 years is a reasonable cut-off for defining young age-onset breast cancer. Breast Cancer Res. Treat. 2010,
119, 193-200. [CrossRef] [PubMed]

Collins, L.C.; Marotti, ].D.; Gelber, S.; Cole, K.; Ruddy, K.; Kereakoglow, S.; Brachtel, E.F,; Schapira, L.; Come, S.E.; Winer, E.P;
et al. Pathologic features and molecular phenotype by patient age in a large cohort of young women with breast cancer. Breast
Cancer Res. Treat. 2012, 131, 1061-1066. [CrossRef]

Anders, C.K;; Fan, C,; Parker, J.S.; Carey, L.A.; Blackwell, K.L.; Klauber-DeMore, N.; Perou, C.M. Breast carcinomas arising at a
young age: Unique biology or a surrogate for aggressive intrinsic subtypes? J. Clin. Oncol. 2011, 29, e18—€20. [CrossRef]
Chelmow, D.; Pearlman, M.D.; Young, A.; Bozzuto, L.; Dayaratna, S.; Jeudy, M.; Kremer, M.E.; Scott, D.M.; O'Hara, J.S. Executive
Summary of the Early-Onset Breast Cancer Evidence Review Conference. Obstet. Gynecol. 2020, 135, 1457-1478. [CrossRef]
Huzarski, T.; Byrski, T.; Gronwald, ].; Gorski, B.; Domagala, P.; Cybulski, C.; Oszurek, O.; Szwiec, M.; Gugala, K.; Stawicka, M.;
et al. Ten-year survival in patients with BRCAl-negative and BRCA1-positive breast cancer. J. Clin. Oncol. 2013, 31, 3191-3196.
[CrossRef] [PubMed]

Young, S.R.; Pilarski, R.T.; Donenberg, T.; Shapiro, C.; Hammond, L.S.; Miller, J.; Brooks, K.A.; Cohen, S.; Tenenholz, B.; Desai,
D.; et al. The prevalence of BRCA1 mutations among young women with triple-negative breast cancer. BMC Cancer 2009, 9, 86.
[CrossRef]

Criscitiello, C.; Azim, H.A., Jr.; Schouten, P.C.; Linn, S.C.; Sotiriou, C. Understanding the biology of triple-negative breast cancer.
Ann. Oncol. 2012, 23 (Suppl. 6), vi13—-vil8. [CrossRef]

Lim, E.; Vaillant, F.; Wu, D.; Forrest, N.C.; Pal, B.; Hart, A.H.; Asselin-Labat, M.L.; Gyorki, D.E.; Ward, T.; Partanen, A.; et al.
Aberrant luminal progenitors as the candidate target population for basal tumor development in BRCA1 mutation carriers. Nat.
Med. 2009, 15, 907-913. [CrossRef]

Nik-Zainal, S.; Alexandrov, L.B.; Wedge, D.C.; Van Loo, P.; Greenman, C.D.; Raine, K.; Jones, D.; Hinton, ].; Marshall, ].; Stebbings,
L.A.; et al. Mutational processes molding the genomes of 21 breast cancers. Cell 2012, 149, 979-993. [CrossRef]

Shah, S.P;; Roth, A.; Goya, R.; Oloumi, A.; Ha, G.; Zhao, Y.; Turashvili, G.; Ding, J.; Tse, K.; Haffari, G.; et al. The clonal and
mutational evolution spectrum of primary triple-negative breast cancers. Nature 2012, 486, 395-399. [CrossRef]

Stephens, PJ.; Tarpey, P.S.; Davies, H.; Van Loo, P.; Greenman, C.; Wedge, D.C.; Nik-Zainal, S.; Martin, S.; Varela, I; Bignell, G.R,;
et al. The landscape of cancer genes and mutational processes in breast cancer. Nature 2012, 486, 400-404. [CrossRef]

Conklin, M.W.; Keely, PJ. Why the stroma matters in breast cancer: Insights into breast cancer patient outcomes through the
examination of stromal biomarkers. Cell Adhes. Migr. 2012, 6, 249-260. [CrossRef] [PubMed]

Cancer Genome Atlas, N. Comprehensive molecular portraits of human breast tumours. Nature 2012, 490, 61-70. [CrossRef]
[PubMed]

Servant, N.; Bollet, M.A.; Halfwerk, H.; Bleakley, K.; Kreike, B.; Jacob, L.; Sie, D.; Kerkhoven, R M.; Hupe, P.; Hadhri, R.; et al.
Search for a gene expression signature of breast cancer local recurrence in young women. Clin. Cancer Res. 2012, 18, 1704-1715.
[CrossRef] [PubMed]

Newman, L.A. Breast Cancer Disparities: Socioeconomic Factors versus Biology. Ann. Surg. Oncol. 2017, 24, 2869-2875. [CrossRef]
Gathani, T.; Reeves, G.; Broggio, J.; Barnes, I. Ethnicity and the tumour characteristics of invasive breast cancer in over 116,500
women in England. Br. J. Cancer 2021, 125, 611-617. [CrossRef]

Prat, A.; Adamo, B.; Cheang, M.C.; Anders, C.K.; Carey, L.A.; Perou, C.M. Molecular characterization of basal-like and non-basal-
like triple-negative breast cancer. Oncologist 2013, 18, 123-133. [CrossRef]

Stevens, K.N.; Vachon, C.M.; Lee, A.M.; Slager, S.; Lesnick, T.; Olswold, C.; Fasching, P.A.; Miron, P.; Eccles, D.; Carpenter, ].E.;
et al. Common breast cancer susceptibility loci are associated with triple-negative breast cancer. Cancer Res. 2011, 71, 6240-6249.
[CrossRef]

Wolfson, J.A.; Kenzik, K.M.; Foxworthy, B.; Salsman, ].M.; Donahue, K.; Nelson, M.; Littrell, M.B.; Williams, G.R.; Levine, ].M.
Understanding Causes of Inferior Outcomes in Adolescents and Young Adults With Cancer. J. Natl. Compr. Cancer Netw. 2023, 21,
881-888. [CrossRef]


https://doi.org/10.1016/j.jamcollsurg.2008.12.001
https://doi.org/10.1186/bcr3156
https://doi.org/10.1093/annonc/mdf039
https://doi.org/10.1186/1471-2407-6-194
https://doi.org/10.1186/s12905-019-0724-3
https://doi.org/10.1056/NEJMra0801289
https://www.ncbi.nlm.nih.gov/pubmed/19228622
https://doi.org/10.1007/s10549-009-0388-z
https://www.ncbi.nlm.nih.gov/pubmed/19350387
https://doi.org/10.1007/s10549-011-1872-9
https://doi.org/10.1200/JCO.2010.28.9199
https://doi.org/10.1097/AOG.0000000000003889
https://doi.org/10.1200/JCO.2012.45.3571
https://www.ncbi.nlm.nih.gov/pubmed/23940229
https://doi.org/10.1186/1471-2407-9-86
https://doi.org/10.1093/annonc/mds188
https://doi.org/10.1038/nm.2000
https://doi.org/10.1016/j.cell.2012.04.024
https://doi.org/10.1038/nature10933
https://doi.org/10.1038/nature11017
https://doi.org/10.4161/cam.20567
https://www.ncbi.nlm.nih.gov/pubmed/22568982
https://doi.org/10.1038/nature11412
https://www.ncbi.nlm.nih.gov/pubmed/23000897
https://doi.org/10.1158/1078-0432.CCR-11-1954
https://www.ncbi.nlm.nih.gov/pubmed/22271875
https://doi.org/10.1245/s10434-017-5977-1
https://doi.org/10.1038/s41416-021-01409-7
https://doi.org/10.1634/theoncologist.2012-0397
https://doi.org/10.1158/0008-5472.CAN-11-1266
https://doi.org/10.6004/jnccn.2023.7056

J. Pers. Med. 2023, 13, 1620 11 of 13

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Daly, M.B.; Pal, T.; Berry, M.P.; Buys, S.S.; Dickson, P.; Domchek, S.M.; Elkhanany, A.; Friedman, S.; Goggins, M.; Hutton, M.L.;
et al. Genetic/Familial High-Risk Assessment: Breast, Ovarian, and Pancreatic, Version 2.2021, NCCN Clinical Practice Guidelines
in Oncology. J. Natl. Compr. Cancer Netw. 2021, 19, 77-102. [CrossRef] [PubMed]

Stoppa-Lyonnet, D. The biological effects and clinical implications of BRCA mutations: Where do we go from here? Eur. . Hum.
Genet. 2016, 24 (Suppl. 1), S3-59. [CrossRef] [PubMed]

Kast, K.; Rhiem, K.; Wappenschmidt, B.; Hahnen, E.; Hauke, J.; Bluemcke, B.; Zarghooni, V.; Herold, N.; Ditsch, N.; Kiechle,
M.; et al. Prevalence of BRCA1/2 germline mutations in 21 401 families with breast and ovarian cancer. |. Med. Genet. 2016, 53,
465-471. [CrossRef] [PubMed]

Warner, E.; Plewes, D.B.; Hill, K.A.; Causer, P.A.; Zubovits, ].T,; Jong, R.A.; Cutrara, M.R.; DeBoer, G.; Yaffe, M.].; Messner, S.J.;
et al. Surveillance of BRCA1 and BRCA2 mutation carriers with magnetic resonance imaging, ultrasound, mammography, and
clinical breast examination. JAMA 2004, 292, 1317-1325. [CrossRef]

Nelson, H.D.; Fu, R.; Cantor, A.; Pappas, M.; Daeges, M.; Humphrey, L. Effectiveness of Breast Cancer Screening: Systematic
Review and Meta-analysis to Update the 2009 U.S. Preventive Services Task Force Recommendation. Ann. Intern. Med. 2016, 164,
244-255. [CrossRef] [PubMed]

Geyer, C.E,, Jr.; Garber, J.E.; Gelber, R.D.; Yothers, G.; Taboada, M.; Ross, L.; Rastogi, P.; Cui, K.; Arahmani, A.; Aktan, G.; et al.
Overall survival in the OlympiA phase III trial of adjuvant olaparib in patients with germline pathogenic variants in BRCA1/2
and high-risk, early breast cancer. Ann. Oncol. 2022, 33, 1250-1268. [CrossRef]

Tutt, A.N.J.; Garber, J.E.; Kaufman, B.; Viale, G.; Fumagalli, D.; Rastogi, P.; Gelber, R.D.; de Azambuja, E.; Fielding, A.; Balmana,
J.; et al. Adjuvant Olaparib for Patients with BRCA1- or BRCA2-Mutated Breast Cancer. N. Engl. J. Med. 2021, 384, 2394-2405.
[CrossRef]

Robson, M.; Im, S.A.; Senkus, E.; Xu, B.; Domchek, S.M.; Masuda, N.; Delaloge, S.; Li, W.; Tung, N.; Armstrong, A.; et al. Olaparib
for Metastatic Breast Cancer in Patients with a Germline BRCA Mutation. N. Engl. ]. Med. 2017, 377, 523-533. [CrossRef]

Litton, ].K.; Rugo, H.S,; Ettl, ].; Hurvitz, S.A.; Goncalves, A.; Lee, K.H.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.A.; Martin, M,;
et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA Mutation. N. Engl. |. Med. 2018, 379, 753-763.
[CrossRef]

Tesch, M.E. Precision medicine in extended adjuvant endocrine therapy for breast cancer. Curr. Opin. Oncol. 2023, 35, 453-460.
[CrossRef]

Azim, H.A,, Jr.; Michiels, S.; Zagouri, F.; Delaloge, S.; Filipits, M.; Namer, M.; Neven, P.; Symmans, W.E; Thompson, A.; Andre, F;
et al. Utility of prognostic genomic tests in breast cancer practice: The IMPAKT 2012 Working Group Consensus Statement. An.
Oncol. 2013, 24, 647-654. [CrossRef] [PubMed]

Rouzier, R.; Pronzato, P.; Chereau, E.; Carlson, J.; Hunt, B.; Valentine, W.J. Multigene assays and molecular markers in breast
cancer: Systematic review of health economic analyses. Breast Cancer Res. Treat. 2013, 139, 621-637. [CrossRef] [PubMed]

van de Vijver, M.].; He, Y.D.; van't Veer, L.].; Dai, H.; Hart, A.A_; Voskuil, D.W,; Schreiber, G.].; Peterse, J.L.; Roberts, C.; Marton,
M.J; et al. A gene-expression signature as a predictor of survival in breast cancer. N. Engl. ]. Med. 2002, 347, 1999-2009. [CrossRef]
Villarreal-Garza, C.; Ferrigno, A.S.; De la Garza-Ramos, C.; Barragan-Carrillo, R.; Lambertini, M.; Azim, H.A,, Jr. Clinical utility
of genomic signatures in young breast cancer patients: A systematic review. NPJ Breast Cancer 2020, 6, 46. [CrossRef] [PubMed]
Sparano, J.A.; Gray, RJ.; Makower, D.F; Pritchard, K.I; Albain, K.S.; Hayes, D.F.; Geyer, C.E., Jr.; Dees, E.C.; Goetz, M.P.; Olson,
J.A., Jr.; et al. Adjuvant Chemotherapy Guided by a 21-Gene Expression Assay in Breast Cancer. N. Engl. ]. Med. 2018, 379,
111-121. [CrossRef] [PubMed]

Sparano, J.A.; Gray, RJ.; Ravdin, PM.; Makower, D.E; Pritchard, K.I; Albain, K.S.; Hayes, D.F.; Geyer, C.E,, Jr.; Dees, E.C.; Goetz,
M.P; et al. Clinical and Genomic Risk to Guide the Use of Adjuvant Therapy for Breast Cancer. N. Engl. . Med. 2019, 380,
2395-2405. [CrossRef] [PubMed]

Poorvu, P.D.; Gelber, S.I; Rosenberg, S.M.; Ruddy, K.J.; Tamimi, R.M.; Collins, L.C.; Peppercorn, J.; Schapira, L.; Borges, V.F;
Come, S.E.; et al. Prognostic Impact of the 21-Gene Recurrence Score Assay Among Young Women With Node-Negative and
Node-Positive ER-Positive/ HER2-Negative Breast Cancer. J. Clin. Oncol. 2020, 38, 725-733. [CrossRef]

Kalinsky, K.; Barlow, W.E.; Gralow, J.R.; Meric-Bernstam, F.; Albain, K.S.; Hayes, D.E; Lin, N.U.; Perez, E.A.; Goldstein, L.J.;
Chia, S.K.L.; et al. 21-Gene Assay to Inform Chemotherapy Benefit in Node-Positive Breast Cancer. N. Engl. . Med. 2021, 385,
2336-2347. [CrossRef]

Walshe, ].M.; Denduluri, N.; Swain, S.M. Amenorrhea in premenopausal women after adjuvant chemotherapy for breast cancer. J.
Clin. Oncol. 2006, 24, 5769-5779. [CrossRef]

Zhou, Q.; Yin, W.; Du, Y,; Shen, Z.; Lu, J. Prognostic impact of chemotherapy-induced amenorrhea on premenopausal breast
cancer: A meta-analysis of the literature. Menopause 2015, 22, 1091-1097. [CrossRef]

NRG Oncology. Testing the Addition of Chemotherapy to the Usual Treatment of Ovarian Function Suppression Plus Hormonal
Therapy in Premenopausal ER-Positive/HER2-Negative Breast Cancer Patients Who Are at High Risk of Cancer Returning.
Available online: https://www.nrgoncology.org/OFSET (accessed on 21 October 2023).

Nitz, U.A,; Gluz, O.; Kummel, S.; Christgen, M.; Braun, M.; Aktas, B.; Ludtke-Heckenkamp, K.; Forstbauer, H.; Grischke, EM.;
Schumacher, C.; et al. Endocrine Therapy Response and 21-Gene Expression Assay for Therapy Guidance in HR+/HER?2- Early
Breast Cancer. J. Clin. Oncol. 2022, 40, 2557-2567. [CrossRef] [PubMed]


https://doi.org/10.6004/jnccn.2021.0001
https://www.ncbi.nlm.nih.gov/pubmed/33406487
https://doi.org/10.1038/ejhg.2016.93
https://www.ncbi.nlm.nih.gov/pubmed/27514841
https://doi.org/10.1136/jmedgenet-2015-103672
https://www.ncbi.nlm.nih.gov/pubmed/26928436
https://doi.org/10.1001/jama.292.11.1317
https://doi.org/10.7326/M15-0969
https://www.ncbi.nlm.nih.gov/pubmed/26756588
https://doi.org/10.1016/j.annonc.2022.09.159
https://doi.org/10.1056/NEJMoa2105215
https://doi.org/10.1056/NEJMoa1706450
https://doi.org/10.1056/NEJMoa1802905
https://doi.org/10.1097/CCO.0000000000000985
https://doi.org/10.1093/annonc/mds645
https://www.ncbi.nlm.nih.gov/pubmed/23337633
https://doi.org/10.1007/s10549-013-2559-1
https://www.ncbi.nlm.nih.gov/pubmed/23722312
https://doi.org/10.1056/NEJMoa021967
https://doi.org/10.1038/s41523-020-00188-3
https://www.ncbi.nlm.nih.gov/pubmed/33062888
https://doi.org/10.1056/NEJMoa1804710
https://www.ncbi.nlm.nih.gov/pubmed/29860917
https://doi.org/10.1056/NEJMoa1904819
https://www.ncbi.nlm.nih.gov/pubmed/31157962
https://doi.org/10.1200/JCO.19.01959
https://doi.org/10.1056/NEJMoa2108873
https://doi.org/10.1200/JCO.2006.07.2793
https://doi.org/10.1097/GME.0000000000000440
https://www.nrgoncology.org/OFSET
https://doi.org/10.1200/JCO.21.02759
https://www.ncbi.nlm.nih.gov/pubmed/35404683

J. Pers. Med. 2023, 13, 1620 12 of 13

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Pan, H.; Gray, R.; Braybrooke, J.; Davies, C.; Taylor, C.; McGale, P.; Peto, R.; Pritchard, K.I.; Bergh, J.; Dowsett, M.; et al. 20-Year
Risks of Breast-Cancer Recurrence after Stopping Endocrine Therapy at 5 Years. N. Engl. ]. Med. 2017, 377, 1836-1846. [CrossRef]
Davies, C.; Pan, H.; Godwin, J.; Gray, R.; Arriagada, R.; Raina, V.; Abraham, M.; Medeiros Alencar, V.H.; Badran, A.; Bonfill, X,;
et al. Long-term effects of continuing adjuvant tamoxifen to 10 years versus stopping at 5 years after diagnosis of oestrogen
receptor-positive breast cancer: ATLAS, a randomised trial. Lancet 2013, 381, 805-816. [CrossRef] [PubMed]

Bartlett, ].M.S.; Sgroi, D.C.; Treuner, K.; Zhang, Y.; Piper, T.; Salunga, R.C.; Ahmed, I.; Doos, L.; Thornber, S.; Taylor, K.J.; et al.
Breast Cancer Index Is a Predictive Biomarker of Treatment Benefit and Outcome from Extended Tamoxifen Therapy: Final
Analysis of the Trans-aTTom Study. Clin. Cancer Res. 2022, 28, 1871-1880. [CrossRef] [PubMed]

Hershman, D.L.; Shao, T.; Kushi, L.H.; Buono, D.; Tsai, W.Y.; Fehrenbacher, L.; Kwan, M.; Gomez, S.L.; Neugut, A.I. Early
discontinuation and non-adherence to adjuvant hormonal therapy are associated with increased mortality in women with breast
cancer. Breast Cancer Res. Treat. 2011, 126, 529-537. [CrossRef]

Pagani, O.; Walley, B.A.; Fleming, G.E; Colleoni, M.; Lang, I.; Gomez, H.L.; Tondini, C.; Burstein, H.].; Goetz, M.P; Ciruelos, EM.;
et al. Adjuvant Exemestane With Ovarian Suppression in Premenopausal Breast Cancer: Long-Term Follow-Up of the Combined
TEXT and SOFT Trials. J. Clin. Oncol. 2023, 41, 1376-1382. [CrossRef]

Pagani, O.; Francis, P.A.; Fleming, G.F.; Walley, B.A.; Viale, G.; Colleoni, M.; Lang, I.; Gomez, H.L.; Tondini, C.; Pinotti, G.;
et al. Absolute Improvements in Freedom From Distant Recurrence to Tailor Adjuvant Endocrine Therapies for Premenopausal
Women: Results From TEXT and SOFT. . Clin. Oncol. 2020, 38, 1293-1303. [CrossRef]

Burstein, H.].; Somerfield, M.R.; Barton, D.L.; Dorris, A.; Fallowfield, L.].; Jain, D.; Johnston, S.R.D.; Korde, L.A.; Litton, J.K.;
Macrae, E.R; et al. Endocrine Treatment and Targeted Therapy for Hormone Receptor-Positive, Human Epidermal Growth Factor
Receptor 2-Negative Metastatic Breast Cancer: ASCO Guideline Update. J. Clin. Oncol. 2021, 39, 3959-3977. [CrossRef]

Im, S.A; Lu, Y.S,; Bardia, A.; Harbeck, N.; Colleoni, M.; Franke, F.; Chow, L.; Sohn, J.; Lee, K.S.; Campos-Gomez, S.; et al. Overall
Survival with Ribociclib plus Endocrine Therapy in Breast Cancer. N. Engl. J. Med. 2019, 381, 307-316. [CrossRef]

Liu, G.; Cheung, W.Y,; Feilotter, H.; Manthorne, J.; Stockley, T.; Yeung, M.; Renouf, D.J. Precision Oncology in Canada: Converting
Vision to Reality with Lessons from International Programs. Curr. Oncol. 2022, 29, 7257-7271. [CrossRef]

Jackson, E.B.; Chia, S.K.L. Sequencing of Endocrine and Targeted Therapies in Hormone-Sensitive, Human Epidermal Growth
Factor Receptor 2-Negative Advanced Breast Cancer. J. Clin. Oncol. 2023, 41, 3976-3983. [CrossRef] [PubMed]

Condorelli, R.; Mosele, F,; Verret, B.; Bachelot, T.; Bedard, PL.; Cortes, J.;, Hyman, D.M.; Juric, D.; Krop, I; Bieche, I.; et al. Genomic
alterations in breast cancer: Level of evidence for actionability according to ESMO Scale for Clinical Actionability of molecular
Targets (ESCAT). Ann. Oncol. 2019, 30, 365-373. [CrossRef] [PubMed]

Mosele, F.; Remon, J.; Mateo, J.; Westphalen, C.B.; Barlesi, F; Lolkema, M.P.; Normanno, N.; Scarpa, A.; Robson, M.; Meric-
Bernstam, F.; et al. Recommendations for the use of next-generation sequencing (NGS) for patients with metastatic cancers: A
report from the ESMO Precision Medicine Working Group. Ann. Oncol. 2020, 31, 1491-1505. [CrossRef] [PubMed]

Cortes, J.; Rugo, H.S.; Cescon, D.W.; Im, S.A.; Yusof, M.M.; Gallardo, C.; Lipatov, O.; Barrios, C.H.; Perez-Garcia, J.; Iwata, H.; et al.
Pembrolizumab plus Chemotherapy in Advanced Triple-Negative Breast Cancer. N. Engl. J. Med. 2022, 387, 217-226. [CrossRef]
Swain, S.M.; Baselga, J.; Kim, S.B.; Ro, ].; Semiglazov, V.; Campone, M.; Ciruelos, E.; Ferrero, ]. M.; Schneeweiss, A.; Heeson, S.;
et al. Pertuzumab, trastuzumab, and docetaxel in HER2-positive metastatic breast cancer. N. Engl. |. Med. 2015, 372, 724-734.
[CrossRef]

Modji, S.; Jacot, W.; Yamashita, T.; Sohn, J.; Vidal, M.; Tokunaga, E.; Tsurutani, J.; Ueno, N.T.; Prat, A.; Chae, Y.S.; et al. Trastuzumab
Deruxtecan in Previously Treated HER2-Low Advanced Breast Cancer. N. Engl. J. Med. 2022, 387, 9-20. [CrossRef]
Akarolo-Anthony, S.N.; Ogundiran, T.O.; Adebamowo, C.A. Emerging breast cancer epidemic: Evidence from Africa. Breast
Cancer Res. 2010, 12 (Suppl. 4), S8. [CrossRef]

El Saghir, N.S.; Khalil, M.K;; Eid, T.; El Kinge, A.R.; Charafeddine, M.; Geara, F.; Seoud, M.; Shamseddine, A.I. Trends in
epidemiology and management of breast cancer in developing Arab countries: A literature and registry analysis. Int. ]. Surg.
2007, 5, 225-233. [CrossRef]

Chouchane, L.; Boussen, H.; Sastry, K.S. Breast cancer in Arab populations: Molecular characteristics and disease management
implications. Lancet Oncol. 2013, 14, e417—e424. [CrossRef]

Yap, Y.S.; Lu, Y.S.; Tamura, K;; Lee, ].E.; Ko, E.Y.; Park, Y.H.; Cao, A.Y;; Lin, C.H.; Toi, M.; W, J.; et al. Insights Into Breast Cancer
in the East vs the West: A Review. JAMA Oncol. 2019, 5, 1489-1496. [CrossRef]

Radich, J.P.; Briercheck, E.; Chiu, D.T.; Menon, M.P; Sala Torra, O.; Yeung, C.C.S.; Warren, E.H. Precision Medicine in Low- and
Middle-Income Countries. Annu. Rev. Pathol. 2022, 17, 387-402. [CrossRef] [PubMed]

Dawson, S.J.; Tsui, D.W.; Murtaza, M.; Biggs, H.; Rueda, O.M.; Chin, S.F,; Dunning, M.].; Gale, D.; Forshew, T.; Mahler-Araujo, B.;
et al. Analysis of circulating tumor DNA to monitor metastatic breast cancer. N. Engl. . Med. 2013, 368, 1199-1209. [CrossRef]
[PubMed]

Copson, E.; Maishman, T; Gerty, S.; Eccles, B.; Stanton, L.; Cutress, R.I.; Altman, D.G.; Durcan, L.; Simmonds, P; Jones, L.; et al.
Ethnicity and outcome of young breast cancer patients in the United Kingdom: The POSH study. Br. J. Cancer 2014, 110, 230-241.
[CrossRef] [PubMed]

Hoskins, K.F; Danciu, O.C.; Ko, N.Y,; Calip, G.S. Association of Race/Ethnicity and the 21-Gene Recurrence Score with Breast
Cancer-Specific Mortality among US Women. JAMA Oncol. 2021, 7, 370-378. [CrossRef]


https://doi.org/10.1056/NEJMoa1701830
https://doi.org/10.1016/S0140-6736(12)61963-1
https://www.ncbi.nlm.nih.gov/pubmed/23219286
https://doi.org/10.1158/1078-0432.CCR-21-3385
https://www.ncbi.nlm.nih.gov/pubmed/35144966
https://doi.org/10.1007/s10549-010-1132-4
https://doi.org/10.1200/JCO.22.01064
https://doi.org/10.1200/JCO.18.01967
https://doi.org/10.1200/JCO.21.01392
https://doi.org/10.1056/NEJMoa1903765
https://doi.org/10.3390/curroncol29100572
https://doi.org/10.1200/JCO.23.00759
https://www.ncbi.nlm.nih.gov/pubmed/37406271
https://doi.org/10.1093/annonc/mdz036
https://www.ncbi.nlm.nih.gov/pubmed/30715161
https://doi.org/10.1016/j.annonc.2020.07.014
https://www.ncbi.nlm.nih.gov/pubmed/32853681
https://doi.org/10.1056/NEJMoa2202809
https://doi.org/10.1056/NEJMoa1413513
https://doi.org/10.1056/NEJMoa2203690
https://doi.org/10.1186/bcr2737
https://doi.org/10.1016/j.ijsu.2006.06.015
https://doi.org/10.1016/S1470-2045(13)70165-7
https://doi.org/10.1001/jamaoncol.2019.0620
https://doi.org/10.1146/annurev-pathol-042320-034052
https://www.ncbi.nlm.nih.gov/pubmed/35073168
https://doi.org/10.1056/NEJMoa1213261
https://www.ncbi.nlm.nih.gov/pubmed/23484797
https://doi.org/10.1038/bjc.2013.650
https://www.ncbi.nlm.nih.gov/pubmed/24149174
https://doi.org/10.1001/jamaoncol.2020.7320

J. Pers. Med. 2023, 13, 1620 13 of 13

86. Nunes, R.A.; Wray, L.; Mete, M.; Herbolsheimer, P.; Smith, K.L.; Bijelic, L.; Boisvert, M.E.; Swain, S.M. Genomic profiling of breast
cancer in African-American women using MammaPrint. Breast Cancer Res. Treat. 2016, 159, 481-488. [CrossRef]

87. Tesch, M.E,; Partridge, A.H. Treatment of Breast Cancer in Young Adults. Am. Soc. Clin. Oncol. Educ. Book 2022, 42, 795-806.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10549-016-3949-y
https://doi.org/10.1200/EDBK_360970

	Introduction 
	Molecular Profiling in Young Adults with Breast Cancer 
	Impact of Precision Medicine on the Clinical Management of Young Adults Affected by Breast Cancer 
	Genetic Predisposition 
	Integrating Precision Medicine through Genomic Testing 
	Increasing Role of Precision Medicine for Young Adults with Metastatic Breast Cancer 

	Ethical Considerations 
	Future Directions 
	References

