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1. Introduction

In 2021, breast cancer (BC) accounted for 30% of all cancers diagnosed in women and was the leading cause of cancer

death in the United States among women aged 20–59 years . In fact, one in eight US women will be diagnosed with

invasive BC at some point in their life . Although BC death rates have decreased by 41% from 1989 to 2018, its

incidence continues to rise at a rate of 0.5% per year, partially due to increases in body weight and declines in fertility rate

. Implementation of more robust population-based screening mammography programs and the shift from film

mammography to more sensitive digital mammography may have also contributed to this rise .

Although highly prevalent and heavily researched, many of the mechanisms underlying BC pathogenesis are still debated.

Two models for BC pathogenesis, the sporadic clonal evolution model and the cancer stem cell model, have been

proposed. In the sporadic clonal evolution model, random mutations can occur in any breast epithelial cell, and the cells

that acquire advantageous genetic and epigenetic alterations are selected over time, eventually leading to tumor

development. Alternatively, the cancer stem cell model argues that only a small subset of tumor cells, the stem and

progenitor cells, can initiate and sustain tumor development. However, it has also been suggested that these two models

may occur in concert via clonal evolution of stem cells . A myriad of modifiable and non-modifiable risk factors may

contribute to these changes. A few examples include obesity , chest radiation therapy, excessive alcohol consumption,

diethylstilbestrol exposure, hormonal contraceptives, hormone replacement therapy after menopause, heritable gene

mutations (such as inactivating mutations in TP53 in Li-Fraumeni syndrome and truncating PTEN mutations in Cowden

syndrome), and even mutations in mitochondrial DNA . Although most BC is considered sporadic, approximately 5–

10% of BC is due to these underlying hereditary causes, most often resulting from pathogenic variants or mutations in

the BRCA1 and BRCA2 genes .

Since the discovery of the role of BRCA1 and BRCA2 in hereditary BC, successful germline analysis of BRCA1, BRCA2,

and other BC susceptibility genes has provided the foundation for genetics’ utility in screening, cancer risk reduction, and

treatment . With the advent of next generation sequencing, thousands of primary BC tumors have been sequenced,

expanding knowledge of BC’s genomic landscape. This new information has helped to identify previously unrecognized

mutations . However, differentiating driver mutations, which impart growth advantage and promote tumorigenesis, from

non-pathogenic passenger mutations (Figure 1) is necessary for the development of individualized treatment .

Given the scarcity of high-frequency driver mutations and the vast amount of genomic information now available,

identifying clinically significant and targetable mutations is a primary challenge .
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Figure 1. Heterogeneity of cancers. Driver (red) and passenger (black) mutations in the development of a tumor. Driver

mutations are much less common than passenger mutations and involve genes implicated in cancer pathways.

Of those diagnosed with primary BC, 20–30% will develop distant metastasis. According to one SEER-based study,

frequency of BC metastasis to the bone, lung, liver, and brain were 30–60% (bone), 21–32% (lung), 15–32% (liver), and

4–10% (brain) . Moreover, the incidence of rare site BC metastasis continues to rise as a result of better imaging

techniques and treatment advancements, which prolong survival . Although metastasis is the leading cause of death for

BC patients, BC diagnosed before distant metastasis occurs has a much better prognosis . Metastases arise from

primary cancer subclones and are more heterogenous, requiring specific treatment management and targets . These

statistics and knowledge underscore the importance in recognizing not only frequently implicated BC gene mutations but

also lesser-known primary and metastatic BC driver mutations and their potential therapy targets.

2. Organotropism: Breast Cancer Molecular Subtypes

Efforts to better predict tumor behavior and improve BC treatment led to the classification of BC by molecular subtypes,

which include luminal ER+ (luminal A and luminal B), human epidermal growth factor receptor 2 (HER2)-enriched, and

basal-like . Gene expression studies have shown that the different molecular subtypes vary markedly in not only

prognosis but also in therapeutic targets . In 1889, Stephen Paget postulated that BC metastasis was nonrandom, due

to tumor cells (the seeds) having a predilection for specific organ sites (the soil) . It has since been found that the

different molecular subtypes demonstrate a propensity for specific organ sites . Kennecke et al. also demonstrated that

certain BC subtypes are associated with spread to specific organs, underscoring the critical role each “seed” plays in

metastasis . For example, bone metastasis is most common in luminal A and B subtypes, but the least common site in

basal subtype . The frequency of BC metastasis to the brain is most common in HER2-enriched (28.76%), basal-like

(25.23%), and triple negative non-basal (22.06%) subtypes . Liver metastasis is more common in the HER2-enriched

compared to HER2-negative subtype . One SEER-based study found that lung metastasis was more common in basal-

like/triple-negative BCs (32.09%) compared to HR+/HER2−, HR+/HER2+, and HR−/HER+ BCs . However, the factors

influencing the timing and mechanisms involved in specific BC molecular subtype metastasis to the lung are not yet

understood . Aside from the molecular subtypes (Figure 2), the accumulation of mutations in cancer cells can alter

critical genes and pathways and promote organ-specific metastasis . As the genomic landscape of primary BC

continues to be explored, the primary BC genetic alterations that promote organ-specific metastasis and survival in new

immune and metabolic microenvironments continue to be elucidated.
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Figure 2. Molecular subtypes of BC and sites of the most commonly reported metastases.

3. Clinical Presentation and Detection of Breast Cancer

A palpable breast lump is the most commonly presenting symptom for BC, with one study finding that a breast lump was

the presenting sign in 92.5% of the 8639 female BC patients evaluated . Other signs and symptoms include nipple

abnormalities (such as discharge or retraction), breast pain, skin changes, and, less commonly, back pain and weight loss

. Screen-detected BCs are associated with a strong survival advantage compared to symptomatic BC . Even

when accounting for lead-time and length-time bias, this advantage may be partly attributed to intrinsic biological

differences between screen-detected and symptomatic BCs . Screen-detected BCs are primarily of the less

aggressive Luminal A subtype, whereas Luminal B, basal-like, and HER2-enriched subtypes are much less common .

Triple negative BCs, which comprise much of the basal-like BC molecular subtype, are more likely than other BCs to be

detected symptomatically, in the interval between regular mammogram screenings . These interval cancers tend to

be more aggressive, larger in diameter, of higher stage and grade, and with a higher number of positive nodes compared

to screen-detected cancers. They are also more likely to present with other unfavorable prognostic features such as

hormone receptor negativity .

4. Clinical Implications: Successes of Targeted Therapy

Past and recent success of targeted molecular therapy heralds promise for the successful development and

implementation of other therapies focused on specific genes, proteins, and pathways implicated in primary and metastatic

BC. Prior to the approval of trastuzumab in 1998, the only available treatment for metastatic HER2+ invasive BC was

traditional chemotherapy regimens . Trastuzumab combined with chemotherapy has resulted in greatly improved

survival rates in the historically aggressive HER2+ BC subtype . Moreover, the α-specific PI3K inhibitor alpelisib

combined with the estrogen receptor antagonist fulvestrant has demonstrated itself effective in the treatment of BC

with PIK3CA mutations. These mutations are common in ER+/HER2- metastatic BC, with about 40% of HR+/HER2− BC

patients having an activating mutation in the PIK3CA gene . In a phase 3 clinical trial, patients with

HR+/HER2−, PIK3CA-mutated BC who received alpelisib–fulvestrant demonstrated statistically significant and clinically

meaningful progression-free survival, compared to those with HR+/HER2−, PIK3CA-mutated BC who received placebo–

fulvestrant . The development of alpelisib is critical, since many HR+ BCs develop endocrine resistance during

treatment. The frequency of alterations in the MAPK signaling pathway (notably, loss-of-function mutations in NF1 and

gain-of-function mutations in ERBB2) in addition to transcription-associated alterations (for example, MYC amplifications

and CTCF and FOXA1 alterations) increase following endocrine treatment . Mutation of the ligand-binding domain of

Estrogen Receptor 1 (ESR1) encoding estrogen receptor α is the chief mechanism of resistance, particularly to aromatase

inhibitors . This recognition is important, considering that the majority of BCs are ER+ and, although many of these

patients enter remission, half will relapse or progress to incurable metastatic disease. Compared to endocrine therapy

alone, the CD4/6 inhibitors palbociclib, ribociclib, and abemaciclib, and the mTOR inhibitor, everolimus, show improved

progression-free survival following metastasis when combined with endocrine therapy . Additionally,

utilization of the PARP inhibitors olaparib and talazoparib for germline BRCA mutations carriers with metastatic HER2−

BC showed significant improvement in progression-free survival and health-related quality of life (although not overall

survival), compared to chemotherapy alone . With the success of these treatments, a precedent has been set for

the discovery of other actionable and commonly shared BC drug targets . Table 1 provides some of these therapies,

mechanisms, targets, and advancements.

Table 1. Select successful targeted BC therapies, mechanisms, targets, and treatment advancements.

Therapy Mechanism BC Molecular Subtype Target Advancement

Trastuzumab HER2 receptor
inhibitor HER2+ Improved survival

Alpelisib α-specific PI3K
inhibitor

HR+/HER2− metastatic BCs
with PIK3CA mutation IPFS, when combined with fulvestrant

Palbociclib CD4/6 inhibitor HR+/HER2− IPFS following metastasis, when
combined with endocrine therapy

Ribociclib CD4/6 inhibitor HR+/HER2− IPFS following metastasis, when
combined with endocrine therapy

Abemaciclib CD4/6 inhibitor HR+/HER2− IPFS following metastasis, when
combined with endocrine therapy
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Therapy Mechanism BC Molecular Subtype Target Advancement

Everolimus mTOR inhibitor HR+/HER2− metastatic BC IPFS following metastasis, when
combined with endocrine therapy

Olaparib PARP inhibitor HER2− metastatic BCs in
germline BRCA mutation carriers IPFS and health-related quality of life

Talazoparib PARP inhibitor HER2− metastatic BC (in
germline BRCA mutation carriers) IPFS and health-related quality of life

IPFS = improved progression-free survival.
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