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Abstract 

Global initiatives applying next generation sequencing to thousands of primary and metastatic 

tumour samples have detailed the genomic landscape of breast cancer. These unique insights 

have transformed our understanding of the biological processes underlying these tumours. 

Despite this, the clinical relevance of these findings remains poorly understood. This is because 

these datasets are frequently heterogeneous, include patients that may not have received 

contemporary treatments, often have limited clinical annotation, and commonly lack long-term 

follow-up for patient survival outcomes. In order to better assess the clinical relevance of 

genomic driver alterations in breast cancer, this research project performed genomic 

sequencing using primary tumour samples from patients enrolled in two pivotal phase 3 clinical 

trials – the Breast International Group 1-98 (BIG 1-98) study and the Suppression of Ovarian 

Function Trial (SOFT). This provided a well-defined population with hormone receptor-

positive, human epidermal growth factor receptor (HER) 2-negative (HR+HER2-) early breast 

cancer in both postmenopausal and premenopausal populations, as well as long-term survival 

outcome data collection. Crucially, this allowed for further investigation of late distant 

recurrence, a unique feature of HR+HER2- breast cancers, as well as the ability to focus on 

distinct high-risk subpopulations, such as breast cancer arising in young women. 

 

In the postmenopausal BIG 1-98 study, comprehensive panel sequencing was performed using 

538 tumour samples from patients with HR+HER2- early breast cancer. PIK3CA mutations 

were the most common driver (49%) and were associated with a reduction in the risk of distant 

recurrence. Contrastingly, TP53 mutations, amplifications on 11q13 and 8p11, and increasing 

number of driver alterations were associated with an increase in the risk of distant recurrence. 

Additionally, PIK3CA mutations were predictive of a greater magnitude of benefit from 

letrozole compared with tamoxifen. Using the same dataset, we further investigated the 



 3 

association of oncogenic drivers with late distant recurrence (≥ 5 years from the time of 

randomisation). PIK3CA mutations were associated with reduced risk of late distant 

recurrence, whereas amplifications on 8p11 and BRCA2 mutations were associated with 

increased risk of late distant recurrence. 

 

In the premenopausal SOFT study, comprehensive panel sequencing was performed using 

1258 tumour samples from the entire study cohort, and whole exome sequencing was 

performed using 82 tumour samples from very young patients with high-risk, HR+HER2- early 

breast cancers. Subgroups of tumours with distinct copy number-amplifications had a higher 

risk of distant recurrence than tumours that were amplification-devoid, validating previously 

reported data. Importantly, the study further defined unique molecular characteristics that were 

enriched in very young women and may explain their poor prognosis. This includes subgroups 

of tumours with homologous recombination deficiency, a high-risk PIK3CA mutated subgroup, 

amplification-enriched subsets, and a low estrogen receptor expressing subtype with immune 

infiltration.  

 

Taken together, these results highlight the clinical relevance of genomic sequencing of 

HR+HER2- early breast cancers. They provide a new prognostic framework using genomic 

stratification, and highlight molecular targets that should be prioritised for future clinical trial 

research.  
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Preface 

As all the result chapters in this thesis are presented in article format, the respective methods 

and references are included in each of the result chapters rather than as an independent 

section. 

 

The work described in this thesis is my own, with the following exceptions: 

1. Archival tissue processing and DNA extraction from primary tumour samples of 

patients from the BIG 1-98 study and the SOFT study was performed at the central 

laboratory of the International Breast Cancer Study Group (IBCSG). 

2. The majority of library preparation, sequencing, and variant calling using DNA 

extracted from samples from the BIG 1-98 study were performed by Foundation 

Medicine (Cambridge, Massachusetts, USA). 

3. The majority of library preparation and sequencing using DNA extracted from 

samples from the SOFT study were performed by the Molecular Genomics Core 

Facility at the Peter MacCallum Cancer Centre. 

4. Scoring of tumour-infiltrating lymphocytes using samples from the SOFT study were 

performed by Giuseppe Viale. 

 

Chapter 2 consists of the peer-reviewed publication “Association of somatic driver 

alterations with prognosis in postmenopausal, hormone receptor-positive, HER2-

negative early breast cancer. A secondary analysis of the BIG 1-98 randomized clinical 

trial”, which was published in JAMA Oncology on June 14, 2018. The author contributions 

are (as reported in the publication): 

 Study concept and design: Luen, Lee, Hackl, Thuerlimann, Colleoni, Regan, Loi. 
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Acquisition, analysis, or interpretation of data: Luen, Asher, Lee, Savas, Kammler, 

Dell’Orto, Biasi, Demanse, JeBailey, Dolan, Hackl, Thuerlimann, Viale, Regan, Loi. 

Drafting of the manuscript: Luen, Asher, Lee, Regan, Loi. 

Critical revision of the manuscript for important intellectual content: All authors. 

Statistical analysis: Luen, Asher, Lee, Demanse, JeBailey, Regan, Loi. 

Obtained funding: Hackl, Thuerlimann, Regan, Loi. 

Administrative, technical, or material support: Luen, Kammler, Dell’Orto, Biasi, 

Dolan, Thuerlimann, Viale, Loi. 

Study supervision: Lee, Kammler, Thuerlimann, Colleoni, Loi. 

 

Chapter 3 consists of the peer-reviewed publication “Identifying oncogenic drivers 

associated with increased risk of late distant recurrence in postmenopausal, estrogen 

receptor-positive, HER2-negative early breast cancer: results from the BIG 1-98 study”, 

which was published in Annals of Oncology on 8, July 2020. The author contributions are: 

Study concept and design: Luen, Regan, Loi. 

Acquisition, analysis, or interpretation of data: Luen, Asher, Lee, Savas, Hackl, 

Regan, Loi. 

Drafting of the manuscript: Luen, Loi. 

Critical revision of the manuscript for important intellectual content: All authors. 

Statistical analysis: Luen, Asher, Regan, Loi. 

Obtained funding: Hackl, Thuerlimann, Regan, Loi. 

Administrative, technical, or material support: Luen, Kammler, Dell’Orto, Biasi, 

Thuerlimann, Viale, Loi. 

Study supervision: Loi. 
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Chapter 4 consists of unpublished material not submitted for publication. It is a draft 

manuscript (soon to be submitted) for “Genomic characterization of hormone receptor-

positive breast cancer arising in young women”, which is planned for submission to Nature. 

The author contributions are: 

Study concept and design: Luen, Francis, Regan, Loi. 

Acquisition, analysis, or interpretation of data: Luen, Regan, Loi. 

Drafting of the manuscript: Luen, Loi. 

Critical revision of the manuscript for important intellectual content: All authors. 

Statistical analysis: Luen, Regan, Loi. 

Obtained funding: Francis, Regan, Loi. 

Administrative, technical, or material support: Luen, Loi. 

Study supervision: Loi. 

 

None of the work described in this thesis has been submitted for other qualifications, or was 

carried out prior to enrolment in the degree. No third party editorial assistance was provided 

in preparation of the thesis. 
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Chapter 1: Introduction 

1. The burden of breast cancer  

For women globally, breast cancer remains the leading cause of cancer incidence, 

disability-adjusted life-years, and cancer death.1,2 In the Global Cancer Statistics 2018 

report, 2,088,849 new cases and 626,679 deaths were attributed to breast cancer for 

2018.2  

 

Breast cancer incidence and mortality rates are similar in Australia. Breast cancer has 

the highest incidence rate of all cancers amongst women, and is estimated to be the 

most frequently diagnosed cancer in 2019 in Australia, in both women and the general 

population.3 Most women are postmenopausal at first diagnosis, with a mean age of 60 

years. The vast majority of new diagnoses are early stage breast cancer (stages I-III), 

for which treatment is typically of curative-intent.  

 

Breast cancer mortality rates have substantially improved over time. A large 

contribution to this is thought to be due to the implementation of breast cancer screening 

programs, and improvements in effective breast cancer treatments.4,5 While breast 

cancer mortality rates are improving, it remains the second leading cause of cancer 

mortality after lung cancer. Notably, breast cancer leads the cause of deaths in women 

aged 30 to 59.6  

 

Stage IV disease, that occurs as a result of recurrent breast cancer or de novo metastatic 

cancer, remains a devastating diagnosis as it is generally deemed to be incurable. 

Treatments are thus typically administered with palliative intent.7-9 There is no 
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available data that describes the true prevalence of metastatic breast cancer in Australia, 

however the relatively high mortality rate that is attributed to breast cancer suggests 

that a significant proportion of Australian women go on to develop advanced and 

incurable disease. 

 

2. Hormone receptor-positive, human epidermal growth factor receptor 2-

negative early breast cancer 

Standard pathological assessment of breast cancers involves testing for both estrogen 

receptor (ER) and progesterone receptor (PR) expression, as well as for human 

epidermal growth factor receptor 2 (HER2) over-expression or amplification.10 

Tumours are then typically grouped into clinically relevant subtypes based on the 

presence or absence of these markers. This defines distinct biological entities, and 

guides the application of appropriate evidence-based treatments. Broadly speaking, this 

includes hormone receptor-positive, HER2-negative breast cancers (HR+HER2-), 

HER2-positive breast cancers (HER2+), and triple negative breast cancers (TNBC). 

Recently reported data from 321,958 patients with operable invasive breast cancer from 

the Surveillance, Epidemiology, and End Results (SEER) database demonstrated 

frequencies of 70.3%, 13.3%, and 10.4% respectively for these breast cancer 

subtypes.11 Aside from guiding treatment algorithms, breast cancer subtyping provides 

significant independent prognostic information, with HR+ subtypes (when assessed 

collectively) demonstrating better prognosis than the other subtypes.11,12 This data 

confirms previously reported data that HR+HER2- breast cancers are the most 

commonly diagnosed breast cancer subtype.  

 

3. Prognostic heterogeneity of patients with HR+HER2- early breast cancers 
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Whilst the overall prognosis of all patients with HR+HER2- early breast cancer is 

significantly better than the other breast cancer subtypes, it is well-recognised that 

significant prognostic heterogeneity exists within this subtype.13 The most frequently 

utilised prognostic system is the TNM staging system by the American Joint Committee 

on Cancer (AJCC)/Union for International Cancer Control (UICC). This has previously 

relied on anatomic markers of disease burden including tumour size, involvement of 

lymph nodes, and the presence of metastatic disease. The most recently implemented 

eighth edition of the TNM system additionally incorporates biologic factors (where 

available) including tumour grade, and results from multigene assays which will be 

described in later sections.14 This signals an increased appetite for including tumour-

based biological variables into standard staging assessments. 

 

Listed below are some contributing factors to the prognostic heterogeneity that is 

observed in patients with HR+HER2- early breast cancer. Relevant to this thesis, the 

molecular mechanisms underpinning heterogeneous disease outcomes in patients with 

HR+HER2- breast cancer remains poorly understood. 

 

Higher risk in poorly differentiated and high proliferation HR+HER2- early breast 

cancers 

Tumour grading, as standardised by the Nottingham group, is a score which assesses 

three histopathological factors – nuclear pleomorphism, gland or tubule formation, and 

dividing cells or mitotic activity.15 As previously mentioned, tumour grade has been 

incorporated into the most recent breast cancer staging system because there is now 

evidence that it can provide refined prognostic information additional to anatomic 
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markers of disease burden,14 (higher grades associated with significantly higher risk of 

disease recurrence and death compared with lower grades).  

 

Ki-67 immunohistochemistry staining, a marker of tumour-cell proliferation, is another 

biomarker that has demonstrated prognostic utility in multiple studies of patients with 

early stage breast cancer of all subtypes.16 The prognostic association has also been 

confirmed in study populations that included only HR+ patients. For example, higher 

ki-67 levels were associated with higher risk of recurrence and death in postmenopausal 

women with HR+ operable breast cancer enrolled in the BIG 1-98 clinical trial.17 

International collaborative efforts are underway to harmonise methodologies, improve 

reproducibility, and effectively incorporate this biomarker into clinical practice.18 

 

It is well established that high grade and high proliferation tumours are less frequent 

within the HR+HER2- breast cancer subtype than the other subtypes,12 although 

reported proportions are heterogeneous. For example, in the BIG 1-98 clinical trial that 

included postmenopausal women with operable HR+ breast cancer, tumour grade was 

22%, 56%, and 19% for grades one, two, and three respectively.19 In the SOFT clinical 

trial that included premenopausal women with operable HR+ breast cancer, tumour 

grade was 41%, 50.9%, and 6.8% for grades one, two, and three respectively.20 With 

respect to ki-67 levels, low ki-67 levels were found in 53%, and high ki-67 levels found 

in 47% in the BIG 1-98 clinical trial.17 Collectively, this data confirms the presence of 

a subgroup of patients with poorly differentiated and high proliferative HR+HER2- 

breast cancers that exhibit a high risk of recurrence and death. Identification of these 

patients is clinically relevant as escalation of systemic therapies (eg. chemotherapy) 
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may be suitable for these patients. Molecular characterisation of this subgroup may 

further define druggable targets. 

 

Elevated risk of late disease recurrence in HR+ early breast cancers 

Another unique prognostic feature of HR+ breast cancers is a significantly higher risk 

of late disease recurrence than in HR- breast cancers (recurrence occurring after 5 years 

from diagnosis). Indeed, the opposite is true of HR- breast cancers, where the highest 

risk of recurrence is in the initial 5 years from diagnosis, and is minimal thereafter.21 

This unique feature was highlighted in a recent meta-analysis assessing the 20-year risk 

of breast cancer recurrence after stopping endocrine therapy at 5 years.22 The study 

demonstrated breast cancer recurrences continued to occur steadily throughout the 

period from 5 to 20 years. Although overall higher rates of recurrence were observed 

in higher stage tumours, the effect was also observed in lower risk tumours, including 

node negative primary breast cancers. Integrated scoring algorithms have subsequently 

been developed to improve prediction of late disease recurrence. This includes the 

Clinical Treatment Score post-5 years (CTS5) score, which was established using the 

HR+ ATAC clinical trial dataset, and validated in the HR+ BIG 1-98 clinical trial 

dataset.23 This score incorporates age, tumour size (continuous), tumour size 

(quadratic), nodal status, and grade. The CTS5 score, when applied to patients without 

recurrence after 5 years of endocrine therapy, provides stratification for low, 

intermediate, or high risk of recurrence in subsequent years.  

 

Heterogeneous outcomes in estrogen receptor-low (ER-low) early breast cancers 

HR-positivity for breast cancers is defined by estrogen or progesterone receptor 

expression of ≥ 1% tumour staining. A pragmatic reason for this is that many of the 
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previously reported endocrine therapy trials used this cut-off for inclusion in clinical 

trials.24 As such, guidelines recommend adjuvant endocrine therapy in all patients with 

≥ 1% tumours staining.25  

 

Despite this, there is now increasing recognition that cases with low ER expression, 

although uncommon (estimated at 2-3% of all ER+ breast cancers), represents 

particular clinical challenges. This is because there is limited data on the absolute 

benefit of endocrine therapy strategies for patients with such tumours. Additionally, 

some small studies that include ER-low tumours are suggestive that they may behave 

more like TNBC, and have heterogeneous disease outcomes.26 Therefore, a treatment 

approach similar to that utilised for TNBC may be more suitable. Due to this, the recent 

estrogen and progesterone receptor testing in breast cancer guidelines from ASCO/CAP 

have recommended reporting a new category termed “ER-low positive”.10  

 

High risk in very young women with HR+HER2- early breast cancers 

Very young women diagnosed with breast cancer have higher rates of recurrence and 

death than older women diagnosed with breast cancer. Mechanisms underlying this 

phenomenon remain unexplained. The poor prognostic influence of young age varies 

by breast cancer subtype, but appears to be particularly worse in patients with 

HR+HER2- breast cancers, especially luminal A tumours.27,28 Various cut-off age 

values have been proposed to define a higher risk population, with most proposing an 

age of 40 or less. The poor prognosis observed in HR+ breast cancers was further 

confirmed in the suppression of ovarian function (SOFT) clinical trial which included 

premenopausal women with HR+ operable breast cancers.20,29,30  The SOFT clinical 

trial included 350 women with HR+ breast cancer who were younger than 35 years at 
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randomisation. The freedom from breast cancer rates at 5 years were 67.7%, 78.9%, 

and 83.4% for the tamoxifen alone treatment arm, ovarian function suppression (OFS) 

plus tamoxifen treatment arm, and the OFS plus exemestane treatment arm 

respectively. More specifically, this included 240 women with HR+HER2- breast 

cancer who were younger than 35 years at randomisation. The freedom from breast 

cancer rates at 5 years were 67.1%, 75.9%, and 83.2% for the tamoxifen alone treatment 

arm, ovarian function suppression (OFS) plus tamoxifen treatment arm, and the OFS 

plus exemestane treatment arm respectively. 

 

In addition to poorer prognosis, clinical management of young women with breast 

cancer presents unique challenges, including more aggressive treatment, management 

of long-term treatment-related toxicities, fertility management, and psychosocial 

concerns.31 Subsequently, specific international consensus guidelines for breast cancer 

in young women have been developed.32,33 

 

4. Challenges in the contemporary management of HR+HER2- early breast 

cancer 

Decades of dedicated, and well-conducted clinical research has culminated in 

incremental improvements in clinical outcomes for patients with breast cancer. These 

have resulted in detailed treatment guidelines for both early stage and advanced stage 

breast cancer.34,35 Given the focus of this thesis, the remainder of this section pertains 

to the management of HR+HER2- early breast cancer. 

 

The key principles in the management of early stage HR+HER2- early breast cancer 

are as follows: 
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1. Optimising locoregional control with surgery and radiotherapy 

2. Clinicopathological staging to accurately estimate the risk of disease recurrence 

3. Selection of adjuvant chemotherapy based on the estimated risk of disease 

recurrence, as well as patient factors 

4. Selection of appropriate adjuvant endocrine therapy  

 

Despite significant improvements in breast cancer mortality and well-described clinical 

management guidelines, significant challenges still exist. Some of these challenges are 

highlighted below. 

 

Over-treatment with adjuvant therapies for HR+HER2- early breast cancer 

Over-treatment is increasingly being recognised as a problem in medical care, and is a 

particular concern for conditions that are targeted for early detection, such as breast 

cancer with the implementation of breast cancer screening.36 Patients diagnosed with 

very early stage disease may subsequently experience over-treatment which can result 

in cumulative morbidity and can negatively influence quality of life. Clinical research 

has already investigated over-treatment of breast cancer in some settings with resulting 

changes in standard practice. For example, new surgical management principles have 

limited re-operation after initial wide local excisions, and decreased the use of axillary 

lymph node dissection after positive sentinel node biopsy.37,38  

 

Adjuvant chemotherapy use remains susceptible to over-treatment. It is well-accepted 

that the absolute benefit of adjuvant chemotherapy is greatest in patients with a 

predicted high risk of recurrence. As such, the majority of patients with lymph node 

involvement will be recommended adjuvant chemotherapy to reduce the risk of disease 
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recurrence.34,39 However significant equipoise exists to the benefit of adjuvant 

chemotherapy in patients with no lymph node involvement (“node-negative”), or 

limited lymph node involvement (1-3 positive lymph nodes).40 The use of biological 

variables including tumour grade, ER and PR expression, and ki-67 expression have 

been considered as supplemental information to aid in treatment decision making. More 

recently, gene expression assays have demonstrated clinical utility in being able to 

identify patients who can be spared the use of adjuvant chemotherapy (discussed in 

later sections).41-43 Unfortunately, the use of gene expression assays is not globally 

approved or reimbursed, and subsequently over-treatment with adjuvant chemotherapy 

remains a significant challenge. 

 

Similarly, ovarian function suppression (OFS) has demonstrated superiority disease 

outcomes to tamoxifen alone in premenopausal women with HR+HER2- early breast 

cancer, however the absolute benefit to the addition of  OFS was greatest in patients 

who were very young, or were deemed high risk enough risk to warrant adjuvant 

chemotherapy.20,29 The addition of OFS to tamoxifen is also associated with 

significantly greater rates of endocrine therapy toxicities, opening up the possibility of 

unwarranted toxicities and influence on quality of life in potentially over-treated 

patients. To my knowledge, there are no reported studies investigating the use of 

molecular assays as a predictive biomarker for the use of OFS. 

 

Patient selection for extended adjuvant endocrine therapy 

As previously highlighted, patients with HR+ early breast cancers have a higher risk of 

developing late disease recurrences (recurrence occurring after 5 years from diagnosis) 

than HR- early breast cancers, and this elevated risk can extend for decades.21,22 
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Subsequently, a number of adjuvant endocrine therapy trials have investigated the 

potential benefit to extending the adjuvant endocrine therapy duration to beyond the 

standard five year duration. Endocrine therapy use in this setting is termed “extended 

adjuvant endocrine therapy”. Some of these studies demonstrated small, but statistically 

significant benefits for extended adjuvant endocrine therapies, particularly with 

tamoxifen.44 However, several other studies showed no significant benefit for extended 

adjuvant endocrine therapies. Extended aromatase inhibitor application from five years 

to ten years in particular, has shown mixed results.45 Thus, this remains a controversial 

area of research. 

 

Given the small absolute benefit to the use of extended adjuvant endocrine therapy, and 

the established cardiovascular and bone toxicities associated with it,46 optimisation of 

patient selection will be of high importance in the future. The previously described 

CTS5 score provides risk assessments for late disease recurrence using 

clinicopathological factors.23 Integration of molecular features may provide further 

refinement of late disease recurrence risk estimates, and remains an area of focussed 

research interest. 

 

Limited understanding and clinical utility of biological factors mediating disease 

heterogeneity in HR+HER2- early breast cancer 

While it is now recognised that significant prognostic heterogeneity exists amongst 

HR+HER2- early breast cancers, the key biological factors mediating this remain 

unclear. Additionally, the research that has been performed has yielded little change in 

clinical management amongst the clinicopathologically defined higher risk groups. 

This is underscored by consensus guidelines which suggest treatments in broad terms 
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for the entire population of patients with the HR+HER2- early breast cancer 

subtype.25,34,39,40,45 

 

While gene-expression assays are now starting to become incorporated into standard 

practice in some institutions, they are used primarily as a tool for refining prognostic 

estimates rather than defining predictive biomarkers or molecular targets. While 

refinement of prognostic estimates remains important, a better understanding of the role 

of molecular testing assays for identifying predictive biomarkers could pave the way 

for the use of more detailed molecular stratification in standard breast cancer subtyping. 

This could also lead to more rationally-designed and focused clinical trials for patients 

with HR+HER2- early breast cancer. 

 

A newer approach to improving our understanding of disease biology is the use of 

neoadjuvant systemic therapy, most often with chemotherapy. Typically, the clinical 

goal of the neoadjuvant approach is to improve the probability of breast conserving 

surgery, as well as provide more accurate prognostic estimates. As an example of the 

clinical utility of this, a recent study has demonstrated the ability to use lack of complete 

pathological response at surgery as a prognostic biomarker to identify patients who may 

benefit from intensification of systemic therapy.47 On the other hand, patients who 

achieve complete pathological response have an excellent prognosis and are unlikely 

to benefit from further intensive systemic therapy.48   

 

Neoadjuvant approaches are infrequently used in standard clinical management of 

HR+HER2- early breast cancer. This is because HR+HER2- breast cancers are 

generally less chemotherapy sensitive than the other breast cancer subtype, and 
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complete pathological response after systemic therapy is uncommon.48,49 Subsequently, 

other biomarkers aside from complete pathological response have been explored as 

surrogate endpoints in neoadjuvant clinical trials. The most utilised example of this is 

ki-67 levels such as in the Z1031 and NeoPalAna clinical trials.50,51 Results from these 

trials highlight novel neoadjuvant trial approaches as a potential mechanism for 

facilitating identification of treatment-predictive biomarkers, and dissecting the 

heterogeneous HR+HER2- early breast cancer subtype into clinically relevant groups.  

 

Limited application of molecularly-directed therapies for HR+HER2- early breast 

cancer 

One area of extensive clinical research is the translation of effective molecularly-

directed therapies into the early stage disease setting. In recent years, multiple classes 

of molecularly-directed agents have demonstrated significant efficacy in the 

HR+HER2- advanced breast cancer setting including: 

- Cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors52-57 

- Selective estrogen receptor degraders (SERD)58 

- Alpha-specific phosphoinositide 3-kinase (PI3K) inhibitors59 

- AKT inhibitors60 

- Poly ADP ribose polymerase (PARP) inhibitors61 

- HER2-tyrosine kinase inhibitors62 

- HER2-antibody drug-conjugates63 

 

These agents will be discussed in more detail in later sections. Theoretically, earlier use 

of these agents in the neoadjuvant or adjuvant setting could have a larger impact on 

patient outcomes where the objective of their use is to treat with curative-intent rather 
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than with palliative-intent. Carefully designed clinical trials will be required to address 

this challenge given the biological differences between advanced disease and early 

stage disease.  

 

5. Cancer genomics 

Cancer has been described as a genetic disease. Changes to genes that control the way 

cells normally function can result in a transition from a normal cell to a malignant 

cancer, or can result in the acquisition and accumulation of malignant features. A 

dominant feature that underlies this phenomenon is the concept of genomic instability, 

which provides the stimulus and diversity required to cause dysregulation of essential 

cellular processes including proliferation, differentiation and cell death.64 This 

dysregulation leads to the hallmark features of cancer.65 

 

The Human Genome Project was an international collaborative effort to ambitiously 

sequence the entire human genome. It was a project of unprecedented scale at the time, 

and took 13 years to complete.66 In contrast, the recent advent of next generation 

sequencing (NGS) has led to an immense acceleration in the field of genetic research 

in a short time period. This has been particularly true for cancer genomics. The two 

largest collaborative genomic sequencing programs for clinical samples are The Cancer 

Genome Atlas (TCGA) program and the International Cancer Genome Consortium 

(ICGC), both of which have recently reported multiple extensive pan-cancer 

investigations, highlighting unique insights into the cancer genome. The majority of 

samples that were sequenced in the TCGA and ICGC programs were from primary 

tumour samples. A recent large pan-cancer initiative has additionally reported an 
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evaluation of metastatic samples from solid cancers. Pan-cancer studies are briefly 

summarised in table 1.1.  

 

Initiative Type of 

samples 

Number Number 

of tumour 

types 

Platform 

TCGA67-71 Primary >11,000 33 Multiple, predominantly 

Whole Exome Sequencing 

ICGC/TCGA 

(PCAWG)72-77 

Primary 2,658 38 Whole Genome Sequencing 

CPCT-02 and DRUP 

clinical studies78 

Metastatic 2,520 >21 Whole Genome sequencing 

 

Table 1.1. Summary of pan-cancer studies.  

Large pan-cancer studies comprehensively characterising the cancer genome. 

Pan-Cancer Analysis of Whole Genomes Consortium includes The Cancer 

Genome Atlas and International Cancer Genome Consortium samples. 

Abbreviations: ICGC, International Cancer Genome Consortium; TCGA, The 

Cancer Genome Atlas; PCAWG, Pan-Cancer Analysis of Whole Genomes 

Consortium; CPCT, Center for Personalized Cancer Treatment; DRUP, The 

Drug Rediscovery Protocol. 

 

Genetic drivers of cancer 

Somatic genetic alterations that occur in cancer can be broadly defined as either driver 

or passenger alterations. Driver alterations provide impetus for cancer initiation and 

progression of the cancer cell resulting in a selective advantage, either via gain-of-

function in oncogenes, or loss-of-function or dysfunction in tumour suppressor genes. 
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On the other hand, passenger mutations provide no selective advantage. 

Comprehensive genomic sequencing of large cohorts of cancer samples has enabled 

extensive analyses that has identified genes that display patterns of genetic alterations 

suggestive of positive selection. These identified genes are termed “cancer genes”. The 

identification of cancer drivers is critical to the concept of precision oncology. 

 

In the pan-cancer TCGA analysis of short variants (mutations, insertions, and 

deletions), 299 cancer driver genes were identified using whole exome sequencing data 

from 9,423 samples across 3 cancer types, using 26 computational tools.68 Of these, the 

authors estimated that approximately 57% of tumours harboured a potentially clinically 

actionable event, lending weight to the clinical relevance of the precision oncology 

approach. Interestingly, there was a large magnitude of diversity in cancer drivers 

between cancer types. For example, the average number of cancer drivers per cancer 

type was lowest in kidney chromophobe cancer with two, and highest in endometrial 

cancer with 55. Unsurprisingly, the number of cancer drivers correlated with the 

average mutation burden in a cancer, highlighting the importance of genomic instability 

for the accumulation of genetic driver events. Just over half of the identified cancer 

genes were associated with only a single cancer type, whereas 87 cancer genes were 

more ubiquitously present and included well described cancer genes (TP53, PIK3CA, 

KRAS, PTEN, ARID1A). Notably, this approach is focused largely on short variants, 

and did not extensively include other genomic alterations that include including copy 

number alterations, complex fusions, and DNA methylation. 

 

The PCAWG analysis included 2,658 cancer samples from 38 different tumour types 

that had undergone more comprehensive whole genome sequencing.72 This included 
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analysis of not only coding short variants, but also analysis of variants in non-coding 

regions as well as structural variants. At least one genetic driver event was identified in 

91% of samples. After filtering of poor-quality samples, around 5% had no identified 

genetic driver. When combining both coding and non-coding elements, there was an 

average of 4-5 driver alterations per tumour sample. Notably, non-coding variants made 

up only 13% of driver alterations. This study also highlighted unique patterns of genetic 

alterations in cancer. For example, most tumour suppressors that were affected 

harboured two inactivation events in keeping with Knudson’s two-hit hypothesis. 

Additionally, the ratio of mutations to structural variants varied across tumour types. 

For example, breast cancers had more prevalent structural variants compared with 

mutational variants. In contrast, colorectal cancers had more mutational variants than 

structural variants highlighting heterogeneity of genomic events between tumour types. 

Finally, germline variants were found to affect the patterns of somatic genetic 

alterations, some of which will be described in later sections. 

 

Overall, these findings highlight the prevalence and influence of genetic alterations in 

the initiation and progression of cancers. Despite a broad range of identified cancer 

genes, most genetic alterations in these genes converge on canonical pathways 

associated with cancer progression.70 With ongoing development of targeted agents 

affecting these pathways, these findings suggests that precision medicine therapeutic 

approaches based on the specific genomic aberrations in patient’s tumour may provide 

unique mechanisms for improving clinical outcomes. 

 

Mutational processes in cancer 
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Beyond the identification of the unique genetic drivers of a cancer, a more global 

interrogation of genetic alterations in a given tumour can provide novel biological 

insights into the mutational processes that have driven the tumours development. In this 

approach, each individual mutation and its context (trinucleotide) is catalogued, and 

mathematical methods are applied to decipher patterns of co-existing mutations that 

represent a mutation signature. The analysis further estimates the attributable 

proportion of each mutation signature in each individual sample providing clarity on 

the dominant and sub-dominant mutational processes. This was first comprehensively 

described in the seminal report that examined approximately 5 million mutations from 

over 7000 cancers.79 This initial data yielded more than 20 distinct mutational 

signatures. A follow up report as part of the PCAWG initiative included more than 

23,000 cancers which defined the most comprehensive repertoire of mutational 

signatures in human cancers to date.74 This included 49 single-base-substitution, 11 

doublet-base-substitution, 4 clustered-base-substitution, and 17 small insertion-and-

deletion signatures. Structural rearrangement signatures have also recently been 

described.75 A key advantage to this analysis approach is that it provides a global 

estimation of each signatures contribution to the individual cancer genome, which can 

be associated with a variety of exogeneous or endogenous mutagenic exposures, or 

defects in DNA repair processes. For example, single base substitution signature 7 is 

associated with ultraviolet light exposure and is enriched in skin cancer such as 

melanoma. Single base substitution signature 4 is associated with tobacco smoking and 

is enriched in lung cancers. Single base substitution signature 3 is associated with 

defects in homologous recombination DNA repair, and is enriched in cancers from 

patients with germline BRCA1 and BRCA2 mutations. Despite this, many of the other 
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mutation signatures still have no known association or aetiology and represent key 

future areas for research. 

 

Of clinical relevance, the presence of dominant mutational signatures with known 

aetiologies has enormous potential as a diagnostic test to clarify cancer tissue-of-origin. 

In addition, specific mutational signatures may represent key predictive biomarkers for 

matched therapeutics. For example, a prominent single base substitution 7 (associated 

with ultraviolet light exposure) predicts sensitivity to immunotherapy with anti-PD1 

agents; a prominent single base substitution 3 (associated with homologous 

recombination deficiency) may predict sensitivity to PARP inhibition. 

 

Clonal evolution 

Investigation into tumour clonal composition has added significant complexity to our 

understanding of the genomic landscapes of cancers. Genomic sequencing of multiple 

tumour samples in individual patients, separated either geographically (eg. multi-region 

sampling of a primary tumour), or serially (eg. sampling at 2 different time points) has 

uncovered unprecedented levels of heterogeneity. The observed genomic heterogeneity 

in such cases can be attributed to clonal dynamics, which are governed by Darwinian 

evolutionary concepts. Key to this concept is the presence of clonal genomic alterations 

(also termed “truncal”) which are present in all cancer cells, and sub-clonal genomic 

alterations which are not present in all cancer cells. Clonal dynamics are strongly 

influenced by the ongoing processes of genomic instability, as well as treatment-related 

selection pressure.  
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One of the earliest studies to describe clonal evolution in detail reported a patient with 

metastatic lobular breast cancer where whole genome sequencing was performed on a 

breast primary tumour and a malignant pleural effusion which the patient developed 9 

years after the diagnosis of the primary disease.80 Molecular profiling of the advanced 

disease revealed 19 mutations which were not present in the primary disease. 

Additionally, several mutations that were low allele frequency in the primary were 

enriched in the metastatic disease, suggesting subclonal expansion.  A similar case was 

described of a patient with triple negative breast cancer in which whole genome 

sequencing was performed on the primary tumour, a brain metastasis, and a primary 

tumour-derived xenograft.81 The overall genomic profiles of the primary and brain 

metastasis were similar, however allele frequencies differed substantially consistent 

with the model of clonal evolution. 

 

Indeed, substantial clonal heterogeneity has also been observed within primary tumours 

alone. This is well appreciated in studies whereby multi-region sequencing of primary 

tumours has been performed. For example, multi-region whole exome sequencing of 

two primary renal cell carcinomas demonstrated significantly differing genomic 

profiles between different regions of a primary tumour.82 A phylogenetic tree linking 

truncal lesions and sub-clonal lesions can be generated to demonstrate the magnitude 

of complexity within these tumours. This model of clonal dynamics has now been 

extensively validated in a variety of tumour types including breast cancer,83-86 non-

small cell lung cancer,87 and renal cell carcinoma amongst others.88 Further to this, a 

comprehensive pan-cancer analysis has also been performed via the PCAWG initiative 

on 2,658 cancers with whole genome sequencing data, again confirming the presence 
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of significant genomic heterogeneity in solid cancers, moulded by the processes of 

clonal evolution.76 

 

Despite the now well-described presence of genomic heterogeneity, the clinical 

relevance of this remains unclear. It is hypothesised that advanced disease may have a 

greater magnitude of clonal complexity, which in turn might have a negative impact on 

the potential success of systemic treatments. It is also considered likely that truncal 

mutations, which are ubiquitously present in cancer cells, represent superior targets for 

matched treatments than sub-clonal mutations. Finally, novel clinical trials are being 

designed to attempt to address the concept of acquired resistance via the expansion of 

resistant sub-clones including the use of multiple targeted agents concurrently, as well 

as the use of intermittent dosing schedules. 

 

Genomic determinants of anti-cancer immunogenicity 

The advent of effective immunotherapies, particularly with anti-PD1/PD-L1 agents, has 

heralded much research interest in the interaction between tumour genomics and cancer 

immunogenicity. In order to mount an effective anti-tumour immune response, host 

immune-surveillance must first recognise tumour-specific epitopes or antigens.89 

Cancer-specific antigens that have arisen from expressed somatic cancer mutations are 

termed “neoantigens”.90-92 These are presented in association with major 

histocompatibility complex proteins to cells of the host immune system. Thus, 

mutational load has been considered as a potential surrogate for neoantigen load, and 

thus associated with enhanced tumour immunogenicity. Of note, there are remarkable 

differences in mutational load between tumour types,74 with high mutational loads 

observed more commonly in melanoma and lung cancer, largely due to exposures to 
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potent mutagens (ultraviolet light, tobacco smoking). Consistent with this, these tumour 

types have been shown to be associate with significant survival benefits with anti-PD1 

antibodies.93-97 Indeed, a recent study using a tumour-agnostic approach to using 

pembrolizumab in patients with tumours exhibiting high mutational loads has just 

received US Food and Drug Administration (FDA) approval, suggesting a genomics-

based precision oncology approach to predict benefit from immunotherapies is feasible 

and effective.98  

 

Beyond tumour mutational load, other discrete genomic entities are associate with 

either clinical benefit or resistance to immune checkpoint blockade. For example, there 

is a clear subset of patients with colorectal cancer who have tumours that exhibit 

genomic features of microsatellite instability, typically in the setting of DNA mismatch 

repair deficiency. These patients have roughly 25 times more somatic mutations than 

those with DNA mismatch repair proficiency.99 Subsequently, the KEYNOTE-177 

study demonstrated significantly improved survival outcomes with the use of 

pembrolizumab compared with chemotherapy in the first line setting for patients with 

advanced colorectal cancer that was either microsatellite-high or mismatch repair 

deficient, and is now FDA-approved.100  Another genomic alteration that is emerging 

as a potential tumour-agnostic predictive biomarker for immune checkpoint blockade 

benefit is PD-L1 amplification. In a large study of 118,187 tumour samples, PD-L1 

amplification was rare at 0.7%.101 In 9 patients with PD-L1 amplification treated with 

checkpoint blockade, the response rate was 66.7%. On the other hand, acquired 

genomic mechanisms of immune escape have also recently been identified including 

defective antigen presentation via human leukocyte antigen (HLA)-loss,102 and 

genomic alterations in genes affecting interferon signalling.103 Overall, these findings 
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suggest genomic interrogation of a tumour can broaden the clinical scope of 

immunotherapy use, as well as define potential mechanisms of resistance. 

 

Metastatic disease 

Although the majority of large-scale sequencing projects have focused on primary 

cancer samples, which are in most circumstances from patients who have not received 

any prior treatment, there are a number of studies that have focused on metastatic 

disease samples. One of the largest pan-cancer studies included over 10,000 patients 

using a comprehensive hybridisation capture panel (MSK-IMPACT) that targeted 

coding regions of 341-410 cancer genes.104  This study was performed at a single 

academic institution and included 62 tumour types. All patients had metastatic disease, 

however sequencing was performed from metastatic tissue in only 43%. Compared with 

untreated primary samples from the TCGA studies, they found metastatic samples to 

be enriched with TP53 alterations, which was found in 41% of patient samples. In 

selected tumour types, there was also evidence of selection for mutation in particular 

genes including AR in prostate cancer and ESR1 in breast cancer which are known to 

promote resistance to endocrine therapies, and are thought to have been either acquired 

or become more dominant due to treatment-related selection pressure. Additionally, the 

authors highlight TERT promotor region mutations as particularly frequent, however 

note that other sequencing strategies may have had limited sensitivity for detecting 

TERT promotor mutations and therefore its prevalence may have been under-estimated 

in primary disease. Finally, using their own annotation, they found that 36.7% of 

patients harboured at least one genetic alteration which was potentially actionable, 

highlighting potential utility for treatment stratification in the metastatic setting. 
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Another key pan-cancer study used more comprehensive whole genome sequencing 

from 2,520 metastatic tumours.78 This detailed study found similar findings to the 

previously described study with metastatic enrichment of alterations in TP53 (52%), 

CDKN2A (21%), PIK3CA (16%), APC (15%), KRAS (15%), PTEN (13%), and TERT 

(12%). Mutations in AR were again highly frequent and enriched in prostate cancer 

(44%), as were mutations in ESR1 for breast cancer (16%). Interestingly, 80% of 

alterations that were identified in tumour suppressor genes had biallelic inactivation 

events which is higher than what is observed in primary cancers. For TP53, loss of 

heterozygosity was highly frequent as the second inactivation event. Notably, 96% of 

driver mutations were observed to be clonal, however limitations in depth for whole 

genome sequencing may have affecting sensitivity for detection of sub-clonal driver 

events. Single nucleotide mutation load was not significantly higher in metastatic 

samples when compared with whole genome sequencing from primary samples, 

however more complex genomic alterations including insertions and deletions, multi-

nucleotide variants, and structural variants were all more prevalent in metastatic 

samples, providing some insight into the type of genomic instability that dominates in 

the metastatic setting, or perhaps the type of alterations that are selected for in 

metastatic disease.  Extensive loss of heterozygosity was frequent in the metastatic 

genome with an average of 23% of autosomal DNA per sample demonstrating loss of 

heterozygosity. Finally, this study found that 62% of patients had an alteration that 

could potentially stratify towards therapies that were either approved or in clinical 

trials, again highlighting the potential utility of comprehensive sequencing technologies 

in the metastatic setting. 

 

6. The breast cancer genome 
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Early stage breast cancer 

A number of studies have reported the genomic landscape of early breast cancers 

including samples from all the key clinical breast cancer subtypes.105-112 Overall, there 

is striking heterogeneity in both somatic alterations and driver alterations between 

tumours.64 Mutation burden varies amongst the subtypes, however estrogen receptor-

negative tumours have a significantly higher mean mutation burden than estrogen 

receptor-positive tumours.113 There are over 90 cancer genes that are recurrently altered 

in breast cancer.109 The number of identified driver alterations per tumour varies, 

however the majority harbour 2-6 drivers.114 Taken together, there are only a few genes 

that are recurrently altered at a high frequency. This includes PIK3CA and TP53 which 

commonly harbour mutations at frequencies of around 30%, and amplifications in 

ERBB2, CCND1, and FGFR1 in approximately 15% of samples.105,111 There is a long 

tail of genes with recurrent alterations in frequencies of less than 10%.  

 

Driver alteration frequencies differ by both hormone receptor status and molecular 

subtype with key alterations shown in table 1.2.  

 

PAM50 subtype Luminal A Luminal B HER2E Basal-like 

PI3-kinase pathway 

alterations 

PIK3CA (49%) 

PTEN (13%) 

AKT1 (3%) 

PIK3R1 (2%) 

PIK3CA (32%) 

PTEN (24%) 

AKT1 (2%) 

PIK3R1 (2%) 

PIK3CA (42%) 

PTEN (19%) 

AKT1 (2%) 

PIK3R1 (7%) 

PIK3CA (7%) 

PTEN (35%) 

AKT1 (0%) 

PIK3R1 (1%) 

TP53 alterations TP53 (12%) TP53 (32%) TP53 (75%) TP53 (84%) 

Hormone receptor 

status 

Positive Positive Positive or 

negative 

Negative 

HER2-amplification Uncommon Uncommon Always Never 
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Average mutational 

load (mutations per 

exomic Mb) 

25.2 41.4 61.5 50.4 

 

Table 1.2. Summary of driver alterations in breast cancer subtypes 

Key somatic drivers in the different PAM50 subtypes. Table derived from Luen 

et al. The Breast 2016.64 

 

Despite this, with the exception of HER2-amplification, few driver alterations are 

defining of a breast cancer subtype. Whilst estrogen receptor negative tumours have 

significantly higher mutational burdens, estrogen receptor-positive tumours have the 

greatest diversity and number of recurrent driver mutations.105 Hotspot mutations in 

PIK3CA are enriched in estrogen receptor-positive tumours, particularly in luminal A 

tumours. Conversely, TP53 mutation frequencies are strikingly high in basal-like 

cancers and higher in luminal B cancers compared with luminal A cancers. 

Interestingly, although at low frequencies, somatic alterations in transcriptional factor 

genes GATA3 and FOXA1, and tumour suppressors MAP3K1 and MAP2K4 are 

relatively enriched in estrogen receptor-positive tumours. In the absence of previous 

endocrine therapy, ESR1 mutations are uncommon. A less common subtype of breast 

cancers that are usually estrogen receptor-positive are lobular breast cancers which 

display highly frequent CDH1 loss and/or mutation conferring its discohesive 

histomorphology, as well as potentially higher frequencies of activating ERBB2 

mutations.115,116 

 

A large comprehensive whole genome sequencing study involving 560 early breast 

cancers has also provided valuable insights into the significance of non-coding region 
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drivers, complex structural drivers, and mutational signatures.109 Interestingly, 

dominant acting genomic fusion drivers and non-coding driver mutations appear to be 

rare in early breast cancers, suggesting the majority of driver events arise in protein-

coding genomic regions. The study further performed extensive mutational signature 

analysis and discovered 12 base substitution, and 6 rearrangement signatures, 

suggesting a high level of complexity of mutational processes in early breast cancer. A 

number of the signatures identified were associated with a type of DNA repair 

deficiency termed homologous recombination deficiency, which has been observed in 

patients with germline BRCA1 and BRCA2 mutations (as well as other less common 

genetic alterations, eg. PALB2).117,118 For example, rearrangement signatures that were 

characterised by tandem duplications or deletions were particularly associated with 

homologous recombination deficiency. This was observed to be important, as it 

suggests whole genome sequencing can provide a read-out of homologous 

recombination deficiency independent of germline BRCA1 or BRCA2 status which has 

been the traditional biomarker of use for clinical trials of agents targeting homologous 

recombination deficiency (described in later sections).61,119 Microsatellite instability 

and mismatch repair deficiency has also been reported in whole genome sequencing 

cohorts, however was uncommon. One report including all breast cancer subtypes 

demonstrated only 11 tumours with mismatch repair deficiency out of 640 tumours.120 

Another study including only triple negative breast cancers found ~ 4.7% with 

mismatch repair deficiency from 254 tumours, and were enriched in tumours with 

PIK3CA/AKT1 pathway abnormalities.121 As both homologous recombination 

deficiency and mismatch repair deficiency have been demonstrated to be predictive 

biomarkers of efficacy to various treatment agents,61,100,119 mutational signature 
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identification may be an important variable to consider in the design of precision 

oncology trials and treatment pathways. 

 

Metastatic breast cancer 

In contrast to primary tumours in treatment-naive patients with early breast cancer, 

there have been relatively few metastatic breast cancers that have undergone 

comprehensive genomic profiling. This is believed to be vitally important to better 

understand the drivers of refractory disease, as well as understand genomic features 

which become enriched due to treatment itself.   

 

Several studies that have investigated genomic profiles in paired primary and metastatic 

samples from individual patients with breast cancer have revealed high levels of 

concordance, albeit using different sequencing technologies. This suggests it is likely 

that the majority of metastatic disease arises from a clone that was present in the 

primary disease. For example, one study that applied comparative genomic 

hybridisation arrays to 29 paired primary and asynchronous metastatic samples from 

patients with breast cancer demonstrated 69% concordance in genomic copy number 

change.122 Another study using more comprehensive sequencing described a patient 

with triple negative breast cancer with a brain metastasis. The brain metastasis retained 

all mutations from the primary tumour including 20 shared mutations, and had only 3 

discordant alterations identified with 2 de novo mutations and a large deletion.81 In a 

larger study that used a targeted next generation sequencing panel that covered protein 

coding regions of 182 cancer genes, 33 paired primary and metastatic samples 

demonstrated 86.6% concordance for driver mutations, and 85.5% concordance for 

driver copy number amplifications.123 Finally, another study that investigated 120 
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hotspot mutations and copy number aberrations in 29 genes demonstrated > 84% 

concordance of driver alterations in 88 paired primary and metastatic samples.124 

 

Despite generally high levels of concordance in primary and metastatic samples, a small 

number of driver alterations have demonstrated enrichment in metastatic samples, 

suggesting they may have been acquired over time, potentially due to treatment 

selection pressure. A classic example of this are hotspot mutations in ESR1 which are 

rarely present in primary samples from untreated patients, but occur in up to 30% of 

patients with metastatic estrogen receptor-positive breast cancer samples. They are 

frequently polyclonal,125 and are enriched in patients who have been exposed to 

prolonged endocrine therapy.124,126,127 Hotspot mutations in ESR1 have been 

demonstrated to result in ligand independent activation of estrogen receptor signalling 

and thus treatment approaches using selective estrogen receptor degraders are favoured 

over aromatase inhibitors in their presence.128,129  

 

Hotspot mutations in ERBB2 have also recently been identified as a potential 

mechanism of acquired endocrine therapy resistance in metastatic estrogen receptor-

positive breast cancers. A recently published study identified eight patients who had 

activating ERBB2 mutations identified in metastatic samples following the 

development of clinical resistance to aromatase inhibitors, tamoxifen or fulvestrant.130 

Five of these patients also underwent sequencing of the treatment-naïve primary 

tumour, of which, none had an identifiable ERBB2 mutation. Again, this suggests that 

ERBB2 mutations may have been acquired secondary to treatment selection pressure. 

Furthermore, tumours with ERBB2 mutations did not co-harbour ESR1 mutations 
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suggesting these processes were mutually exclusive and represented independent 

mechanisms leading to acquired endocrine therapy resistance.  

 

Polyclonal deleterious mutations in RB1 have also recently been identified in serial 

circulating tumour DNA samples from patients who were receiving endocrine therapy 

in combination with CDK4/6 inhibitors.131 These were demonstrated to emerge after 

exposure to CDK4/6 inhibitor therapy, and were not detected prior to CDK4/6 inhibitor 

therapy initiation. The central role of RB1 in cell cycle regulation adds scientific 

rationale to the hypothesis that these are also acquired in the setting of treatment 

selection pressure with CDK 4/6 inhibitors. Notably, de novo mutations in RB1 in 

estrogen receptor-positive breast cancer are very rare. 

 

Finally, the oncogenic driver landscape of metastatic breast cancer was recently 

described in a large study that included whole exome sequencing from 617 tumour 

samples from patients with metastatic breast cancer.132 Compared with early breast 

cancer tumour samples from the TCGA dataset, nine cancer genes were identified as 

more frequently mutated in metastatic breast cancers amongst hormone receptor-

positive, HER2-negative tumours (TP53, ESR1, GATA3, KMT2C, NCOR1, AKT1, NF1, 

RIC8A, RB1). Several recurrent amplicons were also observed to be significantly more 

frequent in metastatic hormone receptor-positive, HER2-negative breast cancers than 

early breast cancers including amplifications in chromosomes 6q25.1, 11q13.3, and 

20q13.2. Global mutational analysis also demonstrated an increase in mutational 

burden, and clonal diversity in metastatic breast cancers compared with early breast 

cancers, as well as enrichment in various mutational signatures (S2, S3, S10, S13, S17). 

Overall, these findings demonstrate that metastatic breast tumours harbour high levels 
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of genetic diversity and complexity, and are enriched with drivers of treatment 

resistance. This suggests that early implementation of effective therapies may be of 

crucial importance to prevent the development of a treatment-resistant metastatic 

genome. 

 

Heterogeneity and clonal evolution in breast cancer 

As described in previous sections, clonal evolution leading to intra-patient genomic 

heterogeneity adds significant complexity to our understanding of how to implement 

effective therapies, particularly in the advanced diseases setting. Indeed, treatment itself 

can be an aetiologic factor for the development of newly acquired genomic treatment 

resistance mechanisms, or evolution of resistant transcriptional profiles acquired by 

reprogramming.83,133 Interestingly, in one study that performed sequencing in 76 

untreated metastases from 20 patients (including breast cancer patients), the authors 

found that the majority of driver genes identified were common to all metastases. 

Furthermore, driver mutations that were not shared in all metastases were often 

subclonal and unlikely to have functional consequences.134 Thus, the clinical 

significance of clonal evolution and heterogeneity remains unclear, however clonal 

driver alterations are generally considered to be better therapeutic targets than subclonal 

driver alterations. 

 

Clonal evolution has now been well described in several analyses using tumour samples 

from patients with breast cancer of all subtypes.83-86,133,135-137 A common theme is the 

observation that aneuploid rearrangements and copy number alterations appear to be 

acquired in the early stages of tumour development in short punctuated bursts, followed 

by stable clonal expansions, typically from point mutations which evolve much more 
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gradually.135,136 Another study that included 50 patients with breast cancer noted that 

the most common and well-described driver alterations in breast cancer genes PIK3CA, 

TP53, PTEN, BRCA2, and MYC can occur both early in some cancers, and late in others, 

without any clear pattern of development.84 In the same study, 13 patients had 

potentially targetable subclonal mutations. Perhaps the largest study to date 

investigated 170 patients with metastatic breast cancer and found that a wider repertoire 

of driver genes were altered in metastatic disease, with particular focus on inactivating 

alterations in SWI-SNF and JAK2-STAT3 pathway genes in metastatic disease.85 The 

study also demonstrated that the majority of metastatic lesions retained the same 

mutational processes that drove the development of the primary lesion. Overall, these 

studies highlight clonal evolution as a feature of metastatic disease and again suggest 

implementation of effective therapies at earlier time points in the disease trajectory may 

result in larger improvements in outcomes. Furthermore, identification and treatment 

matched to clonal driver alterations are likely to be important for precision oncology 

initiatives, but an understanding of the relevance of subclonal driver alterations may 

provide insights on strategies to mitigate the development of acquired resistance. 

 

7. Precision Oncology – matching to appropriate therapies 

The central concept of Precision Oncology is to undertake additional testing to 

determine specific features of a patient’s malignant disease (or of the patient) that may 

inform treatment decisions.138 The ultimate goal of this is to allow treating clinicians to 

deliver the right treatment to the right patient at the right time, and therefore improve 

clinical outcomes. Technological advances in genomic sequencing technologies have 

allowed for an unprecedented ability to rapidly, efficiently, and broadly interrogate an 

individual patient’s tumour and define its unique oncogenic drivers and molecular 
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features. More recently, these technologies have become increasingly feasible in 

clinical practice, even using previously collected or archival tumour tissue.104,139 With 

the approval and commercialisation of these tests, the research impetus is now to better 

understand how to best implement these into clinical practice. 

 

Parallel to this, a host of exciting new therapeutic agents are being developed, or have 

been recently developed, to either directly target, or be matched to specific molecular 

alterations in order to improve patient outcomes. This approach has already 

demonstrated improved survival outcomes for selected patients with specific molecular 

driver alterations, such as epidermal growth factor receptor (EGFR) inhibition in EGFR 

mutated non-small cell lung cancer (NSCLC),140,141 and combination BRAF and MEK 

inhibition in BRAF mutated melanoma amongst many others.142,143 These examples are 

proof-of-principle for the Precision Oncology concept, and serve to emphasise the need 

for further research into optimisation of the utility of this approach in other cancer 

populations including breast cancer. Meta-analyses investigating this approach have 

demonstrated higher response rates and better progress-free survival with the Precision 

Oncology approach using matched targeted therapies compared with standard 

approaches.144,145 

 

Precision Oncology therapeutic trials for solid cancers 

While the majority of clinical trials of targeted therapies are designed on the basis of a 

pairing of one driver alteration with one drug (or one drug combination), a number of 

trials have investigated a more ambitious broad approach encompassing multiple drug 

targets and multiple therapeutic arms. A key limitation to this can be the prospective 

requirement to specify the target biomarkers and treatments. This may be a particular 
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challenge due to the rapidly changing landscape of Precision Oncology research where 

new targets and new therapies are continuously developed. Indeed, this was a major 

limitation for the SHIVA clinical trial, which performed genomic screening in 741 

patients with advanced solid cancers, and found 40% had a molecular alteration that 

matched with at least one of the 10 available treatment arms.146 Patients were 

randomised to receive the matched targeted therapy or physician’s choice standard 

therapy. The study found no significant benefit for the matched targeted therapy group 

compared with physician’s choice in heavily pre-treated patients with solid cancers, 

however the study was hampered by its restricted targets (three pathways – hormone 

receptor, PI3K/AKT/mTOR, RAF/MEK), and relatively ineffective treatment options. 

 

Contrastingly, the MOSCATO 01 clinical trial did not pre-specify matched therapies 

but rather patients received matched therapies in the context of completely separate 

phase 1 and phase 2 clinical trials.147 A total of 843 patients with advanced solid cancer 

had a molecular profile generated, of which 411 were identified to have an actionable 

finding. From these, only 199 received a matched therapy, and 33% of these patients 

derived a meaningful clinical response, defined as a progression-free survival ratio of 

1.3 (progression-free survival on matched therapy : progression-free survival on most 

recent therapy). Thus, the authors concluded that their results were encouraging, 

however only a small number of screened patients (7%) derived a clinical benefit. A 

more diverse list and greater availability of matched targeted therapies were considered 

as possible mechanism of increasing the proportion of patients who benefit.  

 

The next generation of Precision Oncology trial in advanced solid tumours have 

incorporated more comprehensive biomarker identification, as well as more complex 
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treatment regimens. The I-PREDICT study rationalised that prospective determination 

of matched agents as monotherapies has significant limitations in the treatment of 

complex and heterogeneous metastatic disease.148 Thus, they allowed for a wide range 

of therapeutic recommendations that included customised multidrug combination 

therapies. Biomarker testing included tumour based comprehensive panel DNA-

sequencing, circulating tumour DNA analysis, tumour PD-L1 expression, tumour 

mutation burden testing, and microsatellite instability testing. From 149 consented 

patients, the study reported 49% receiving personalised treatment regimens. Patients 

with a high “matching score” had significantly higher disease control rates, 

progression-free survival, and overall survival compared with those with a low 

“matching score”. The WINTHER study investigated the use of both comprehensive 

DNA-sequencing and a separate arm using RNA-sequencing for matching to targeted 

therapies.149 The study included 303 patients of which 107 were evaluated for response 

to matched therapies. The disease control rate in this population was 26.2%, although 

the progression-free survival ratio > 1.5 rate was 22.4% which did not meet their pre-

specified primary endpoint. Regardless, these newer studies suggest improvements in 

biomarker determination as well as enhancement in the availability of effective 

therapies can result in improved outcomes for higher proportions of patients. 

 

Finally, ongoing clinical trials are currently underway to test the tumour-agnostic 

Precision Oncology concept in larger numbers. This includes the National Cancer 

Institute Molecular Analysis for Therapy Choice study (NCI-MATCH) and the 

Targeted Agent and Profiling Utilization Registry (TAPUR) study, both of which have 

adopted the basket trial design. A major advantage to both these studies is that the 

testing is not centralised, and can be performed using commercially available NGS 
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platforms. The treatment arms of both these trials are widely diverse, and it is expected 

that treatment arms that show a sufficient signal of efficacy can graduate to larger, more 

definitive clinical trials. The majority of treatment arms for these trials are still 

recruiting and final results are eagerly awaited, however reports from a number of arms 

have been mixed.150-153 

 

Precision Oncology therapeutic trials for advanced breast cancer 

There have only been a limited number of reported Precision Oncology trials specific 

to advanced breast cancer. One of the earlier studies was hampered by a limited 

biomarker identification approach using only comparative genomic hybridisation and 

sanger sequencing of PIK3CA (exon 10 and 21) and AKT1 (exon 4). These technologies 

are now uncommonly used in the clinical setting for genomic screening purposes. The 

initial pilot study of this approach included 108 patients, of which 50% were found to 

have an actionable alteration, and 16% received a matched therapy.154 This included 

only 18 patients who received a targeted therapy with 50% achieving disease control at 

16 weeks. The subsequent larger study included 423 patients and freshly obtained 

biopsy samples, but used the same biomarker identification approach.155 Of these, 46% 

had at least one actionable alteration, however it should be noted that the study’s list of 

actionable alterations included CCND1 amplifications and FGFR1 amplifications 

which are not currently actionable with any reported effective therapies. Fifty-five 

patients received a matched targeted therapy, with 30% achieving a partial response or 

stable disease. While these early studies have numerous limitations, they have at the 

very least demonstrated the feasibility of this approach for patients with advanced 

breast cancer. 
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In a more recently reported study,156 the plasmaMATCH trial used circulating tumour 

DNA to identify molecular targets in patients with advanced breast cancer to one of 

four cohorts: cohort A – ESR1 mutations to be treated with fulvestrant; cohort B – HER2 

mutations to be treated with neratinib +/- fulvestrant; cohort C – AKT1 mutations in 

ER+ tumours to be treated with capivasertib and fulvestrant; cohort D – AKT1 

mutations in ER- tumours or PTEN mutation to be treated with capivasertib. The study 

demonstrated circulating tumour DNA analysis as an accurate, rapid, and clinically 

valid method for enabling selection of matched therapies for patients with advanced 

breast cancer. Additionally, arms B and C demonstrated high overall response rates 

(25%, 22% respectively) meeting the pre-specified target number of responses. This 

study showed again that rational implementation of newer technologies and more 

effective drugs can result in better rates of clinical benefit for patients overall.  

 

8. Prognostic and predictive biomarkers in HR+HER2- breast cancer 

In order to build our understanding of the relevance of molecular assays in modern 

clinical practice, it is crucial to first investigate the association of each specific 

biomarker with both prognosis, and prediction of treatment benefit. Biomarkers with 

such associations are broadly termed “prognostic biomarkers” and “predictive 

biomarkers”. There are many examples of prognostic and predictive biomarkers that 

are already part of the standard diagnostic work up for various malignancies. In breast 

cancer, this includes testing for expression of the estrogen receptor and testing for 

amplification of HER2. These assays play a crucial role in defining the expected natural 

history of the malignancy, as well as determining the most appropriate treatment and 

are thus both prognostic and predictive biomarkers. The following section details some 
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of the more recently identified molecular biomarkers in breast cancer with a particular 

focus on HR+HER2- breast cancer. 

 

Molecular biomarkers associated with prognosis 

Gene expression assays have historically been subjected to much more intensive 

research than DNA-based genomic assays for clinical use in breast cancer. This is 

largely due to the availability and feasibility of gene expression-based technologies at 

the time of development. One of the earliest and most impactful reports in the use of 

gene expression assays in breast cancer was from unsupervised hierarchical clustering 

using gene expression microarrays in a wide range of breast cancers.157 The data 

clustered into several subgroups termed “intrinsic subtypes” with the most prevalent 

being the basal-like, HER2 over-expressing (HER2E), and luminal (A and B) 

subgroups. These overlapped substantially with the clinically defined subgroups of 

triple-negative breast cancer, HER2-amplified breast cancer, and HR+HER2- breast 

cancer respectively. The study highlighted the vastly different biological processes that 

govern each of the subtypes, and further showed that each subtype was associated with 

differing prognostic profiles, which the authors argue could help refine predictions or 

risk of recurrence alongside standard clinical and histopathological parameters. Indeed, 

for this reason, gene expression assays have largely focused on clinical utility in 

patients with HR+HER2- early breast cancer where there was observed to be prognostic 

uncertainty as well as therapeutic equipoise in terms of adjuvant chemotherapy use. 

Thus, the majority of gene expression assays, although different in several ways, have 

found a clinical role in aiding adjuvant chemotherapy decision-making.158 Due to the 

large amount of data in this space, use of these assays have been incorporated into more 

recent clinical guidelines.39 Table 1.3 summarises the most commonly utilised gene-
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expression assays for risk stratification for HR+HER2- early breast cancers. To date, 

only the Oncotype DX and Mammaprint assays have demonstrated clinical utility in 

prospective clinical trials.41-43 

 

Gene expression assay Number of 

genes 

assessed 

Type of assay Prospective 

evidence for 

utility 

Retrospective 

evidence for 

utility 

Oncotype DX41,42,159 21 RT-PCR Yes Yes 

Mammaprint43,160 70 cDNA microarray Yes Yes 

PAM50 ROR161-163 50 RT-PCR No Yes 

EndoPredict164,165 12 RT-PCR No Yes 

Breast Cancer Index159,166 6-11 RT-PCR No Yes 

 

Table 1.3. Summary of gene-expression assays in clinical use. 

Gene-expression assays for use in HR+HER2- early breast cancer. 

Abbreviations: RT-PCR, reverse transcription-polymerase chain reaction; 

cDNA, complementary DNA. 

 

DNA-based genomic associations with prognosis are less well documented compared 

with gene-expression assays. However there is a growing number of reports 

investigating this, often involving large patient numbers. These have largely been 

retrospective research studies in cohorts of patients that may or may not have received 

contemporary treatments. The most common somatic mutations observed in 

HR+HER2- early breast cancer are hotspot PIK3CA mutations. As a bona fide 

oncogenic driver, mutations in PIK3CA were originally hypothesised to be associated 

with higher risks of recurrence and death. Reports from numerous and sometimes small 
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studies showed conflicting prognostic associations.167-170 A subsequent large meta-

analysis of 10,319 patients from 19 studies demonstrated overall that patients with 

tumours that harboured PIK3CA mutations had significantly better disease-free survival 

and overall survival than patients with tumours without PIK3CA mutations, however 

the magnitude of prognostic effect diminished after adjustment for other prognostic 

factors.171 Overall, these findings suggest PIK3CA mutations are generally associated 

with a good prognosis, however it is important to note that PIK3CA mutations are 

enriched in the luminal breast cancer subtypes, particularly luminal A breast cancers, 

which are themselves associated with improved prognosis.105 Furthermore, the role of 

PIK3CA mutations may differ depending on their context, both genomically and 

transcriptionally. A key example of this is the good prognostic association generally 

observed in the early breast cancer setting, but worse prognostic association observed 

in the metastatic setting.132 

 

TP53 mutations are also relatively frequently observed in HR+HER2- early breast 

cancers, with evidence for enrichment in metastatic disease.132 Indeed, TP53 mutations 

have been demonstrated to be significantly associated with higher risk of disease 

recurrence and worse survival in a number of studies that have included HR+HER2- 

early breast cancers.107,170,172 Oncogenic drivers in other cancer genes are much less 

frequent, which can make their prognostic association difficult to assess. Mutations in 

MAP3K1 are infrequent but have been described to be associated with good prognostic 

outcomes, and often co-exist with PIK3CA mutations in luminal A breast tumours.170 

A number of other driver mutations are also associated with poor prognosis but would 

need confirmation in larger studies due to their relative paucity, including SMAD4, 

USP9X, and NF1.107,170 
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Beyond mutations, copy number alterations occur in roughly 15-20% of HR+HER2- 

early breast cancers with several recurrently amplified genes reported to be associated 

with higher levels of proliferation, higher risk of recurrence, poorer survival outcomes, 

and potentiation of endocrine resistance. This includes amplifications of CCND1 

(chromosome 11q13),173-176 PAK1 (chromosome 11q13),175 FGFR1 (chromosome 

8p11),177-180 and MYC (chromosome 8q24).181,182 To take this further, the METABRIC 

study performed clustering using whole genome copy number data in combination with 

transcriptomic data from early breast cancers of all subtypes to generate a classification 

system they termed “IntClusts” (integrated clusters).106  Ten IntClusts were described 

which were generally defined by characteristic copy number alterations (or absence 

thereof) and demonstrated significantly different prognostic profiles.183 The prognostic 

associations were validated using other datasets including over 7,500  patient 

samples.184 Additionally, a recent update of the METABRIC data defined specific 

IntClusts that were associated with a higher risk of late disease recurrence,108 an 

important factor for patients with HR+HER2- breast cancers. Despite the robust data 

supporting this classification, the true prognostic significance using contemporary 

samples remains unclear. Furthermore, the requirement for both copy number and 

transcriptomic data to be available to most accurately define IntClust classification 

provides some challenges to its clinical utility. Indeed, access to even a single genomic 

assay can prove challenging for some patients. 

 

Molecular biomarkers that predict therapeutic response 

Several genomic biomarkers have been shown to be associated with increased 

sensitivity, or indeed resistance, to matched therapies in HR+HER2- breast cancer. 



 

 54 

However, the majority of these have been studied in the advanced breast cancer setting. 

The efficacy in the early breast cancer setting remains largely unknown. Table 1.4 

summarises targeted therapies and biomarker associations in the setting of advanced 

HR+HER2- breast cancer. These are also described in more detail below. 

 

Treatment agent Biomarker predicting 

sensitivity 

Biomarker predicting 

resistance 

CDK4/6 inhibitors  RB1 mutations, CCNE1 over-

expression 

AI, tamoxifen  ESR1 mutations 

SERD ESR1 mutations  

PARP inhibitors Germline BRCA1 and BRCA2 

mutations, somatic alterations 

in HRD-related genes 

BRCA1 and BRCA2 reversions 

alpha-specific PI3K inhibitors PIK3CA mutations PTEN loss 

HER2-kinase inhibitors ERBB2 mutations  

AKT inhibitors AKT1 mutations  

HER2 ADC HER2-low expression  

 

Table 1.4. Biomarkers and matched therapeutics. 

Treatment agents and biomarker associations. Abbreviations: CDK, cyclin-

dependent kinase; AI, aromatase inhibitor; SERD, selective estrogen receptor 

degrader; PARP, poly ADP ribose polymerase; PI3K, phosphoinositide 3-kinase; 

ADC, antibody drug conjugate. 

 

Cyclin-dependent kinase 4/6 inhibitors 
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Cyclin-dependent kinase 4/6 (CDK4/6) inhibitors have drastically changed the way we 

treat patients with advanced HR+HER2- breast cancer with significant survival benefits 

when combined with endocrine therapy in the first line,52,54,57,185 second line,53,56,186,187 

and late line setting,188 in both postmenopausal and premenopausal women. This 

resulted in approvals for the use of palbociclib, ribociclib, and abemaciclib in advanced 

HR+HER2- breast cancer, however the optimal endocrine therapy partner remains 

unclear. In addition to this, retrospective analyses have not revealed any obvious 

biomarker candidate that predicts increased benefit with CDK4/6 inhibitors,189 

although CCND1 amplification was previously hypothesised to confer sensitivity.190 

Over-expression of CCNE1 has recently been reported to be associated with relative 

resistance to CDK4/6 inhibitors,191,192 and polyclonal mutations in RB1 have been 

shown to be a mechanism of acquired resistance.131 

 

The majority of patients receive CDK4/6 inhibitors in the first line setting where 

median progression-free survival times are consistently around 2 years. Hazard ratios 

compared with standard endocrine therapy alone are also remarkably consistent across 

studies, with estimates of 0.54-0.58, suggesting an almost halved risk of progression or 

death with the use of CDK4/6 inhibitors. Notably, the median progression-free survival 

in the second line setting is much lower at around 12 months or less, suggesting earlier 

use may lead to a higher magnitude of benefit. This has formed the rationale for the 

development of multiple studies investigating the potential benefit of CDK4/6 

inhibitors in patients with early stage HR+HER2- breast cancer. Early analyses of these 

trials have demonstrated conflicting results with one study showing no significant 

benefit to the addition of palbociclib in the adjuvant setting, and another study showing 

an early significant benefit to the addition of abemaciclib in the adjuvant setting.193 
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Differences in patient selection may have contributed to the conflicting results. These 

findings also highlight the challenges of applying novel therapies without a clear and 

accurate predictive biomarker. 

 

Selective estrogen receptor degraders 

Endocrine therapies are arguably the most important systemic treatment agents for 

HR+HER2- breast cancers both in the early and advanced disease setting. However 

new effective drugs targeting the endocrine axis have only recently started to be 

developed. The majority of these are novel selective estrogen receptor degraders 

(SERD). Unlike aromatase inhibitors which reduce biosynthesis of estrogen, SERDs 

directly bind to the estrogen receptor and cause the estrogen receptor to be degraded 

and thus downregulated. Fulvestrant is a SERD that was first-in-class, and 

demonstrated activity in metastatic disease accross several studies.194-196 Despite this, 

aromatase inhibitors and tamoxifen have historically been favoured over fulvestrant in 

the first line setting, partly due to conflicting data, unclear optimal dose, and the need 

for intramuscular administration. More recently, fulvestrant has had a resurgence of 

clinical uptake due to reports of superiority in the first line metastatic setting,197 and 

survival benefits when used in combination with aromatase inhibitors.198 Furthermore, 

acquired mutations in ESR1 frequently arise in patients treated with aromatase 

inhibitors, and can cause ligand-independent activation of estrogen receptor 

signalling.126,127,199 Thus, it is hypothesised that fulvestrant could be advantageous in 

treating patients with tumours that harbour ESR1 mutations or alternatively, that 

fulvestrant use may delay the acquisition of ESR1 mutations compared with aromatase 

inhibitors. In line with this, recently reported translational studies have confirmed that 

ESR1 mutations are not associated with resistance to fulvestrant.128 Indeed, treatment 
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with fulvestrant provides superior survival outcomes compared with treatment with 

aromatase inhibitors in patients with tumours harbouring ESR1 mutations.125,129  

 

Excitingly, a number of novel SERD agents are being developed that are easier to 

administer than fulvestrant, have improved toxicity profiles, and may be more clinically 

efficacious.200 While the presence of an ESR1 mutation is associated with improved 

survival benefits when using an endocrine therapy that incorporates a SERD agent, it 

should be noted that ESR1 mutations are very rare in early stage breast cancer. Thus, 

the optimal utility of SERD agents in patients with early stage HR+HER2- breast cancer 

remains unclear. Biomarkers predictive of endocrine sensitivity may be a rational place 

to start. 

 

PARP inhibitors 

PARP proteins are important proteins that mediate a number of cellular processes 

including DNA repair. In cancers that have dysregulated DNA damage response 

pathways, PARP inhibitors can induce synthetic lethality.201 The efficacy of this has 

been noted most prominently in cancers with homologous recombination deficiency. 

Cancer cell death is achieved via the unregulated accumulation of unrepaired single 

strand breaks resulting from PARP inhibition, as well as increased trapping of PARP1 

and PARP2 DNA complexes at DNA damage sites which exert a cytotoxic effect.202 

The clinical efficacy of PARP inhibitors has been most extensively studied in patients 

with germline BRCA1 and BRCA2 mutations in whom tumours frequently arise as a 

result of homologous recombination deficiency given the key roles of BRCA1 and 

BRCA2 in homologous recombination DNA-repair. The OlympiAD study and the 

EMBRACA study both demonstrated the superiority of PARP inhibitors compared 
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with standard chemotherapy in patients with advanced HER2- breast cancers who had 

a germline BRCA1 or BRCA2 mutation.61,119 Thus germline BRCA1 and BRCA2 

mutations are key predictive biomarkers of PARP inhibitor efficacy. A recently 

reported smaller study further demonstrated clinical efficacy of PARP inhibitors in 

patients with genetic alterations in other homologous recombination deficiency-related 

genes including germline and somatic mutations in BRCA1, BRCA2, PALB2, CDK12, 

BLM suggesting a broader set of predictive biomarkers could be utilised for PARP 

inhibitor use in the advanced breast cancer setting.203 A major challenge to the use of 

PARP inhibitors in the advanced disease setting is the inevitability of acquired 

resistance. While the mechanisms of the development of PARP inhibitor resistance are 

considered to be highly complex, one recognised genomic mechanism is the acquisition 

of BRCA1 and BRCA2 reversion events which restore the open reading frame.204 The 

presence of reversions confer lack of efficacy to PARP inhibitors, and have been shown 

to be able to even arise as a result of platinum chemotherapy exposure (in addition to 

PARP inhibitor use). 

 

A number of clinical trials have also demonstrated significant clinical efficacy of PARP 

inhibitors in the early breast cancer setting when used as neoadjuvant therapy as a single 

agent,205 and in combination with chemotherapy,206-208 however the majority of patients 

in these trials were required to have triple negative breast cancer or a germline BRCA1 

or BRCA2 mutation. These results show great promise for the use of PARP inhibitors 

in the early breast cancer setting. Indeed, their potential has just been realised in the 

randomised phase 3 OlympiA clinical trial which demonstrated a 42% reduction in the 

risk of recurrent invasive disease or death with the use of 1 year of adjuvant oral 

olaparib compared with placebo in patients with HER2-negative, BRCA1 or BRCA2 
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mutated breast cancer.209 Of note, only 18% of the study population had HR+HER2- 

early breast cancer, however the benefit for olaparib was observed irrespective of breast 

cancer subtype. 

 

Recent research has also investigated more complex genomic biomarkers beyond 

simply examining homologous recombination deficiency genes including genomic 

instability scores and genomic scars.  These assays frequently examine for 

characteristic genome-wide structural changes that result from homologous 

recombination deficiency including loss of heterozygosity, telomeric allelic imbalance, 

and large scale state transitions.210 Taking the concept further, recently described 

algorithms that encompass whole genome sequencing data can provide highly accurate 

predictions for homologous recombination deficiency resulting from a composite score 

from mutational signatures, insertion and deletion signatures, and rearrangement 

signatures such as with the HRDetect algorithm or the CHORD algorithm.117,211 The 

advantage of these complex assays is that they can detect homologous recombination 

deficiency even in the absence of germline BRCA1 or BRCA2 mutations, potentially 

broadening patient selection for PARP inhibitor use.  

 

It should be noted that platinum-based chemotherapies are also reported to have 

increased efficacy in the setting of tumours with genomic features suggestive of 

homologous recombination deficiency, however studies investigating this have largely 

focused on the triple negative breast cancer subtype.210 Indeed, meta-analyses 

demonstrate an increased pathological complete response rate with the addition of 

carboplatin to standard neoadjuvant chemotherapy in patients with early-stage triple 

negative breast cancer, however this is not associated with a significant survival 
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benefit.212 Thus, platinum-based chemotherapy for HR+HER2- early breast cancer with 

features of homologous recombination deficiency may also be of significant research 

interest in the future, including in combination with PARP inhibitors. 

 

HER2-kinase inhibitors 

Recent improvements in specificity and potency of HER2-directed tyrosine kinase 

inhibitors has opened up the potential use of these agents in patients with HR+HER2- 

breast cancers that harbour activating hotspot ERBB2 mutations that lead to constitutive 

HER2-activation. ERBB2 mutations are uncommon in early stage HR+HER2- early 

breast cancer and appear to be enriched in invasive lobular carcinomas where they 

occur in about 5% of cases.115,116  They are however much more common in the 

metastatic breast cancer setting where they have been described to arise in the context 

of acquired resistance to endocrine therapy conferring resistance.130 Interestingly, they 

are relatively mutually exclusive with ESR1 mutations suggesting they form a divergent 

mechanism of acquired endocrine therapy resistance. Clinical efficacy was 

demonstrated in a large, multi-histology basket trial that included 25 patients with 

advanced HER2-negative breast cancer and an ERBB2 mutation (20 HR+ and 5 HR-) 

treated with neratinib, an oral pan-HER kinase inhibitor.62 The objective response rate 

at week 8 of 32%, with even higher rates of durable disease control suggesting ERBB2 

mutations are a robust predictive biomarker for neratinib. One of the limiting toxicities 

was high rates of diarrhoea, believed to be due to neratinib exerting activity across a 

wide range of HER-kinases. Interestingly, a case report of acquired resistance to 

neratinib in a patient with HR+HER2- advanced breast cancer was shown to be caused 

by an acquired second ERBB2 mutation, implying true oncogene addiction in this 

case.213 The authors further postulated that other HER2-directed tyrosine kinase 
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inhibitors, such as afatinib, might be able to overcome this. Finally, a number of newer 

HER2-directed tyrosine kinases have recently been developed which are believed to be 

more potent and more specific than neratinib, opening up the possibility of improved 

clinical efficacy and improved toxicity profiles.214,215 

 

Alpha-specific PI3-kinase inhibitors 

Activating genetic alterations in the PI3-kinase pathway, particularly PIK3CA 

mutations, are an attractive target as they are highly prevalent in HR+HER2- breast 

cancers in both early stage and advanced stage disease. Initial investigation of pan-PI3-

kinase inhibitors demonstrated modest clinical activity in patients with advanced 

HR+HER2- breast cancer, particularly in patients with PIK3CA mutations, however 

this was at the cost of high levels of toxicity.216-220 This formed the rationale for the 

development of the next generation of alpha-specific PI3-kinase inhibitors which 

allowed more potent inhibition and reduced toxicity. Indeed this was shown in the phase 

1 trial of alpelisib in patients with PIK3CA altered HR+HER2- advanced breast 

cancer.221 Pre-clinical studies and subsequent clinical studies provided rationale for 

combination of alpelisib with fulvestrant to optimise its activity.222-224 Subsequently the 

phase 3 SOLAR-1 study demonstrated superiority of alpelisib in combination with 

fulvestrant compared with placebo plus fulvestrant in patients with PIK3CA-mutated, 

HR+HER2- advanced breast cancer breast cancer with a median progression-free 

survival of 11 months compared with 5.7 months respectively.59 This established 

PIK3CA mutations in the setting of HR+HER2- advanced breast cancers as a key 

predictive biomarker for clinical efficacy of targeted therapy treatment with alpelisib. 

The presence of a PIK3CA mutation in circulating tumour DNA appeared to improve 

prediction of clinical efficacy compared with tissue based PIK3CA genotyping 
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suggesting it may be a more optimal predictive biomarker, as well as being a non-

invasive test.225 In addition, multiple PIK3CA mutations in cis may also predict greater 

sensitivity to alpha-specific PI3-kinase inhibitors.226 

 

Clinical efficacy of alpha-specific PI3-kinase inhibitors in the setting of HR+HER2- 

early breast cancer is the subject of a number of ongoing clinical trials. Early results 

from two neoadjuvant studies suggest very little activity with no significant difference 

in pathological complete response rates, although some improvements in objective 

response rates with the PI3-kinase inhibitor have been observed.227,228 The reasons 

underlying this remain to be resolved however study design, patient selection, and 

biological differences between early stage and advanced stage disease may be 

contributing factors. Results from other trials are eagerly awaited.  

 

The use of predictive biomarkers beyond mutations in PIK3CA also remain unclear, 

although these are much less common (eg. PTEN, PIK3R1). Notably, while PTEN loss 

has been shown to lead to increases in PI3-kinase signalling, they have been shown to 

arise in the setting of acquired resistance to alpelisib based therapy conferring 

resistance.229,230 Thus, PTEN loss may predict resistance to targeted treatment that 

includes an alpha-specific PI3-kinase inhibitor. 

 

AKT inhibitors 

A number of next generation AKT inhibitors have recently been developed and tested 

in clinical trials.231 Although AKT1 mutations exist in HR+HER2- breast cancers, they 

are relatively uncommon at around 5% or less.232 As the AKT1 protein is a down-

stream effector of PIK3CA and PTEN, it is believed that AKT inhibitors may be 
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effective in tumours with these genomic alterations also. Recent phase 1 clinical trials 

of AKT inhibitors have demonstrated clinically meaningful efficacy in patients with 

advanced HR+HER2- breast cancer and AKT1 mutations with minimal toxicity.233 In a 

phase 2 clinical trial of first line chemotherapy in combination with an AKT inhibitor 

in patients with advanced triple negative breast cancer, a greater magnitude of 

improvement in survival compared with chemotherapy alone was observed in patients 

with PTEN loss, suggesting PTEN genomic aberrations may predict benefit in 

HR+HER2- breast cancers also.234  Despite these promising results, recently reported 

phase 2 and phase 3 clinical trials of next generation AKT inhibitors in combination 

with chemotherapy in HR+HER2- advanced breast cancer have been disappointing. 

The combination of AKT inhibitor with paclitaxel did not demonstrated a significant 

improvement in progression-free survival (compared with placebo with paclitaxel) in 

patients with PIK3CA-mutated, HR+HER2- advanced breast cancer,235 or in 

PIK3CA/AKT1/PTEN-altered, HR+HER2- advanced breast cancer.236 Interestingly, a 

previously discussed basket study (plasmaMATCH) in which patients with AKT1-

mutated, HR+HER2- advanced breast cancer received the combination of an AKT 

inhibitor with fulvestrant showed significant clinical efficacy.156 These findings suggest 

that AKT inhibitors may require concurrent endocrine therapy in order to optimise 

clinical efficacy, similar to observations with alpha-specific PI3-kinase inhibitors. To 

my knowledge, there have been no reports of AKT inhibitor use in the setting of 

HR+HER2- early breast cancer. 

 

HER2-targeted antibody drug conjugates 

A newer entity of breast cancers termed “HER2-low” breast cancers have recently been 

described which includes tumours that do not meet guidelines to be diagnosed as 
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HER2-positive however still express HER2 by immunohistochemistry 

(immunohistochemistry 1+ or 2+ but in situ hybridiszation-negative). Thus, although 

the HER2 protein is not amplified, it is still expressed and therefore may be an 

appropriate target for novel therapies such as HER2-targeted antibody drug conjugates. 

Trastuzumab deruxtecan is a novel HER2-targeted antibody drug conjugate with 

impressive activity in HER2-positive breast cancer.237 In a phase 1b study of 

trastuzumab deruxtecan in HER2-low breast cancers, clinical efficacy was confirmed 

with an objective response rate of 37% and a median duration of response of 10.4 

months.63 The study included 54 patients with advanced HER2-negative breast cancer, 

of which 47 were HR+. Toxicities from the compound were consistent with its use for 

other indications including a low risk of interstitial lung disease. Thus, HER2 

expression represents a bona fide target in HR+HER2- advanced breast cancer. To my 

knowledge, there are no reported studies in the setting of HR+HER2- early breast 

cancer.  

 

More broadly, this work also paves the way for the development of other antibody drug 

conjugates for HR+HER2- breast cancer. Characteristic copy number amplifications 

are common in HR+HER2- breast cancer and are associated with higher risk of 

recurrence and death, suggesting they could be meaningful drug targets in an important 

high-risk, sub-population. 

 

9. Evaluating the clinical implications of somatic driver alterations in 

HR+HER2- early breast cancer 

 



 

 65 

This introduction forms the background and rationale for the research that will be 

described in the following chapters. Figure 1 provides an overarching summary of the 

approach for this research project. Genomic sequencing will be performed on 

prospectively collected tumour samples from two practice-changing, phase 3 clinical 

trials that included patients with HR+HER2- early breast cancer. Genomic findings will 

be described and correlated with pathological and clinical parameters. This work is 

expected to improve our understanding of the clinical implications of somatic driver 

alterations in HR+HER2- early breast cancer, as well as help build towards a precision 

oncology approach that improves patient outcomes. 

 

 

 

Figure 1.1. Summary of research approach.  

BIG 1-98 and SOFT are phase 3 clinical trials that included patients with 

HR+HER2- early breast cancer. BIG 1-98 enrolled only postmenopausal women, 

and SOFT enrolled only premenopausal women. Abbreviations: FFPE, formalin-
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fixed, paraffin-embedded, BIG, Breast International Group; SOFT, suppression 

of ovarian function trial. 
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KEY POINTS 

Question: 

What is the clinical relevance of somatic driver alterations in estrogen receptor-positive 

HER2-negative early breast cancer in post-menopausal women? 

 

Findings: 

In a secondary analysis of the Breast International Group 1-98 randomized clinical trial, 

a sampling plan selected 764 samples for targeted DNA sequencing and after 

adjustment for clinicopathological factors, amplifications on 11q13 and 8p11 and an 

increasing number of driver alterations were associated with a significantly increased 

risk of distant recurrence. PIK3CA mutations were associated with significantly greater 

benefit with letrozole compared with tamoxifen therapy. 

 

Meaning: 

Classification of somatic driver alterations based on DNA analysis provides valuable 

prognostic information that may aid treatment decision making in the adjuvant setting. 
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ABSTRACT 

Importance: 

A range of somatic driver alterations have been described in estrogen receptor-positive, 

HER2-negative (ER+/HER2-) early breast cancer (BC), however the clinical relevance 

is unknown. 

 

Objective: 

To investigate associations of driver alterations with prognosis and the role of PIK3CA 

mutations in prediction of benefit to endocrine therapy in postmenopausal patients with 

ER+/HER2- early BC treated with tamoxifen or letrozole. 

 

Design, setting, participants, and interventions: 

The Breast International Group (BIG) 1-98 trial randomized 8,010 post-menopausal 

patients with hormone-receptor-positive, operable, invasive BC to monotherapy with 

letrozole or tamoxifen, or a sequential strategy for 5 years. Driver alterations were 

characterized using next generation sequencing in primary tumors from a subset of 764 

patients from 7329 eligible ER+/HER2- patients, with 841 distant recurrences after 8.1 

years median follow-up. To correct for the over-sampling of distant recurrences, 

weighted analysis methods were used. This analysis was conducted from April 4, 2016, 

to November 30, 2016. 

 

Main outcomes and measures: 

The prevalence of driver alterations, associations with clinicopathological factors, 

distant recurrence-free interval, and treatment interactions were analyzed. 

Multivariable analyses were performed to adjust for clinicopathological factors. 
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Results: 

Of 764 samples, 538 (70.4%), including 140 distant recurrence events, were 

successfully sequenced. Nineteen driver alterations were observed with 5% or greater 

frequency, with a mean of 4 alterations (range, 0-15) per tumor. PIK3CA mutations 

were the most common (49%) and were significantly associated with reduction in the 

risk for distant recurrence (hazard ratio [HR], 0.57; 95% CI, 0.38-0.85; P = .006). TP53 

mutations (HR, 1.92; 95% CI, 1.21-3.04; P = .006), amplifications on 11q13 (HR, 2.14 ; 

95% CI, 1.36-3.37; P = .001) and 8p11 (HR, 3.02; 95% CI, 1.88-4.84; P < .001), and 

increasing number of driver alterations (HR per additional alteration, 1.18; 95% CI, 

1.11-1.25; P < .001) were associated with significantly greater risk. Amplifications on 

11q13 and 8p11 remained significant predictors in multivariable analysis but not 

PIK3CA and TP53 mutations. Patients with tumors harbouring kinase or helical domain 

PIK3CA mutations derived significantly greater benefit from letrozole over tamoxifen 

than those patients whose tumors did not (P interaction = .002). 

 

Conclusions and relevance: 

In ER+/HER2- postmenopausal, early-stage BC, amplifications on 11q13 and 8p11 

were significantly associated with increased risk for distant recurrence and PIK3CA 

mutations were predictive of greater magnitude of benefit from letrozole. With these 

findings, DNA-based classification may aid adjuvant treatment decision-making in this 

setting. 

 

Trial registration: 

Clinicaltrials.gov identifier: NCT00004205 
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INTRODUCTION 

Large-scale next generation sequencing (NGS) studies have provided valuable insights 

into the genomic landscape of primary breast cancers (BCs).105-107,109,111 These have 

highlighted the diverse spectrum of driver alterations and mutational processes in 

estrogen receptor-positive, HER2-negative (ER+/HER2-) disease, the most commonly 

diagnosed BC subtype. Despite these findings, the clinical implications of driver 

alterations including the most frequent-PIK3CA (Entrez 5290) mutations-remains to be 

fully elucidated. 

 

Women with a diagnosis of early-stage ER+/HER2- BC typically receive adjuvant 

systemic therapy consisting of endocrine therapy, often preceded by chemotherapy.  In 

addition to markers of anatomical tumor burden,238 a number of gene expression-based 

markers exist to aid in estimation of prognosis and decision making regarding adjuvant 

chemotherapy.163,239,240 These markers are based on continuous gene expression 

variables and the characterization of phenotype resulting from underlying genetic and 

epigenetic processes. A common theme of gene expression signatures is the observation 

that higher rates of proliferation portend poorer prognosis.241  

 

For adjuvant endocrine therapy, the Breast International Group (BIG) 1-98 study was 

a seminal, phase 3 clinical trial that evaluated the superiority of 5 years of letrozole 

over tamoxifen in post-menopausal women with early-stage hormone-receptor-positive 

BC. At a median of 8.1 years’ follow up, 5 years letrozole demonstrated a significant 

reduction in the risk of death as compared with tamoxifen alone, establishing aromatase 

inhibition as the standard of care for post-menopausal women with hormone-receptor-

positive BC.19,242,243 Other endocrine therapy options now also exist with the type, 
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sequencing, duration, and possible future incorporation of cyclin-dependent kinase 4/6 

inhibitors all considerations in therapeutic decision-making.244 Clinically useful 

biomarkers to aid in individualising these options are lacking. 

 

PIK3CA mutations are particularly enriched in luminal breast cancers,105 associated 

with improved outcomes and sensitivity to endocrine therapy in ER+ BC,245 and have 

been shown to be associated with the initiation of ER+ tumors.246 Therefore, owing to 

its association with estrogen signalling, we hypothesized that letrozole, being the more 

potent antiestrogen, would have higher clinical benefit than tamoxifen in patients with 

tumors harbouring PIK3CA mutations. 

 

In this study, we aimed to characterize the clinical relevance of oncogenic drivers in 

postmenopausal early-stage ER+/HER2- BC patients enrolled in the BIG 1-98 study. 

Our primary objective was to investigate the prognostic associations of driver 

alterations with distant recurrence-free interval. As a secondary objective, we evaluated 

if PIK3CA mutations could be predictive of a greater magnitude of benefit with 

letrozole over tamoxifen and hence could have implications for selection of adjuvant 

endocrine treatment.  
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METHODS 

Patients  

BIG 1-98 was a multicenter, randomized, double-blind, phase III trial in which 8,010 

post-menopausal patients with hormone-receptor-positive, operable ,invasive BC, were 

randomly assigned to monotherapy with letrozole (2.5 mg orally daily) or tamoxifen 

(20 mg orally daily) for five years, a sequential strategy of letrozole for two years 

followed by tamoxifen for three years, or the reverse sequence. After a median follow 

up of 8.1 years, 1,022 distant recurrences were observed. Details of the study have been 

reported previously.19,242,243,247 All patients provided written informed consent. Ethics 

committees and relevant health authorities approved the protocol. Tumor samples were 

collected retrospectively in accordance with institutional guidelines and national laws. 

The International Breast Cancer Study Group Biological Project Working Group 

approved this investigation. 

 

Tumor sequencing and variant calling 

Library preparation, hybridization-based capture, and next generation sequencing was 

performed using Foundation Medicine’s T5 targeted panel of 287 known cancer genes 

in a Clinical Laboratory Improvement Amendments (CLIA)-certified and College of 

American Pathologists (CAP)-accredited laboratory using a previously published 

method (eTable 1 in the Supplement).139 Samples with a minimum median exon depth 

of coverage of 150x were eligible for analysis.  

 

After filtering for known germline variants in publically available databases, only 

alterations predicted with the accredited variant annotation pipeline were used in these 

analyses.139 These alterations were annotated as known, likely, ambiguous, or 
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unknown. To reduce false-positives, only alterations annotated as known or likely to be 

pathogenic were included for subsequent analyses as driver alterations. All sequencing 

and annotation were done without knowledge of patients’ treatment assignments or 

outcomes. 

 

Patient selection 

Patient selection is summarized in Figure 2.1. Patients were ineligible if tumor was ER-

absent or HER2-positive on central pathology assessment; neoadjuvant endocrine or 

chemotherapy was administered; or follow-up was less than 3 months. Of the 8010 

randomized patients in the BIG 1-98 trial, there were 7329 eligible patients with 841 

(11.5%) distant recurrences. From the 2706 patients with banked, assessable DNA 

extracted from formalin-fixed, paraffin-embedded archival tumor samples, 938 patients 

were selected, using a sampling plan identifying all patients having a distant recurrence 

and a stratified random sampling of those without recurrence (stratified by 

randomization option [2-group versus 4-group], treatment assignment, nodal status 

[negative versus positive], and luminal A- or B-like status248). After further exclusion 

for inadequate DNA quality or quantity, 764 samples were sent for sequencing. To 

correct for over-sampling of distant recurrences, weighted analysis methods were used. 

Sampling weights were calculated for 72 classes, defined by the presence of absence of 

distant recurrence and the 36 strata, as the inverse of the sampling fractions. Analysis 

was conducted from April4, 2016, to November 30, 2016. 

 

Statistical analyses 

At the design stage, we estimated that, with 350 (10%) distant recurrence events in the 

eligible cohort and a sampling fraction of 0.10 for a total sample size of 700 patient 
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samples, there would be 80% power to detect hazard ratios (HRs) for association of 

driver alterations with DRFI of 1.5 for alteration prevalence of 20%, and HR of 2.0 for 

alteration prevalence of 5%, with nominal α=0.05 tests.249 

 

The primary endpoint of interest was distant recurrence-free interval (DRFI), defined 

as time from randomization to recurrence at a distant site. Patients without distant 

recurrence were censored at the date of last follow-up or death. Driver alterations were 

categorized as present or absent (for short-variants, as mutated versus wild type; for 

amplifications, as amplified versus non-amplified). Because oncogenic driver 

mutations in PIK3CA cluster in distinct functional protein domains,250 we annotated 

PIK3CA mutations by affected protein domain: kinase or helical domain mutations. 

PIK3CA mutations not affecting kinase or helical protein domains were uncommon, 

less well described, and annotated as other. Exploratory analyses by previously 

described PIK3CA mutation hotspots (N345, C420, P539, E542, E545, E546, H1047) 

were performed.168  

 

The generalized Horvitz-Thompson weighted method (inverse probability weighting) 

was applied to all analyses using the sample weights previously described.251 For 

clinicopathological associations, weighted chi-squared tests were used for categorical 

variables (age, tumor size, nodal status and grade) and weighted t-tests were used for 

ki-67 (precent). Pairwise associations were investigated without sampling weights, 

characterized by odds ratios and using Fisher’s exact test to generate p-values; multiple 

testing correction using the Benjamini and Hochberg method was applied using a false 

discovery rate of less than 0.2. For the remainder of the analyses, we deemed an 

unadjusted 2-sided P < .05 to be significant. 
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Weighted Cox proportional hazards regression models adjusted for treatment arm were 

used to determine prognostic associations. For each driver alteration, models were 

adjusted for treatment arm and included the following variables: age, tumor size, nodal 

status, and grade. Treatment-by-PIK3CA genotype interactions were used to assess the 

effect of monotherapy in tumors with or without a kinase or helical domain PIK3CA 

mutation (both wild type and other PIK3CA mutations). Hazard ratios and 95% 

confidence intervals (95% CI) were generated using robust standard errors, with a Wald 

test for significance. Weighted Kaplan-Meier curves were generated for visualisation 

purposes. Subpopulation Treatment Effect Pattern Plot (STEPP)252 methodology was 

used in exploratory analyses to illustrate the relationship between Ki-67 level, PIK3CA 

mutation status, and disease outcome.  

 

All statistical analyses were prespecified. We used R software version 3.3.1 (R 

Foundation) and Stata, version 14 (Strata-Corp) for the statistical analyses.  
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RESULTS 

The landscape of driver alterations in ER+/HER2- postmenopausal early-stage 

BC 

Of 764 samples, 538 (70.4%) successfully underwent DNA sequencing and met quality 

metrics. The median exon depth of targeted genes ranged from 151x–1,397x, with an 

average of 476x.  Patient characteristics are summarized in eTable 2 in the Supplement 

alongside the eligible patients from the BIG1-98 trial (n=7329). 

 

Nineteen driver alterations had a prevalence of 5% or greater, including 9 genes with 

recurrent mutations, and 10 genes with recurrent focal amplifications (Figure 2.2, 

eTable 3 in the Supplement). PIK3CA mutations were the most common (49%), 

followed by CCND1 (Entrez 595) amplifications (17%), and TP53 (Entrez 7157) short-

variants (15%). PIK3CA mutated tumors were commonly co-altered (76%) and 

exhibited heterogeneous co-alteration partners (eFigures 1, 2, and 3 in the Supplement). 

Co-alteration frequencies by PIK3CA genotype were similar, with the exception of 

amplifications on chromosome 11q13 which were significantly more common in wild 

type tumors (eFigure 4 in the Supplment). No identifiable driver alteration was 

identified in 5.7% of patient samples. There was a mean of 4 driver alterations (range, 

0–15; interquartile range, 2-6) per tumor. Driver mutations were uncommon for AKT1 

(Entrez 207) (4%), ERBB2 (Entrez 2064) (2%), and ESR1 (Entrez 2099) (0%). There 

were no recurrent structural rearrangements.  

 

Association with clinicopathological characteristics 

The associations between driver alterations and clinico-pathological variables are 

summarised (eFigures 5 and 6 and eTable 4 in the Supplement). MAP3K1 (Entrez 
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4214), SPEN (Entrez 23013), and PTPN11 (Entrez 5781) mutations were significantly 

associated with larger tumor size. MAP2K4 (Entrez 6416) mutations were significantly 

associated with age older than 65 years. There were no significant associations of driver 

alterations with nodal status. PIK3CA and MAP3K1 mutations were significantly 

associated with lower tumor grade and lower Ki-67 level. Conversely, TP53 mutations 

and several focal gene amplifications (CCND1, FGFR1 [Entrez 2260], MYC [Entrez 

4609], and ZNF703 [Entrez 80139]) were significantly associated with higher tumor 

grade and higher Ki-67 levels.  We observed that PIK3CA mutated tumors were 

particularly heterogeneous in terms of co-existing alterations and their Ki-67 levels 

(eFigure 5 in the Supplement).  

 

Coexistence and mutual exclusivity between somatic alterations 

To understand biological relationships between driver alterations, we examined for 

pairwise interactions (eFigure 7 and eTable 5 in the Supplement). TP53 mutations were 

significantly associated with the coexistence of several gene amplifications (MYC, 

ERBB2, FGFR1, ZNF703, ZNF217 [Entrez 7764]). Strong mutual coexistence was 

observed between several gene amplifications consistent with coamplification of the 

same amplicon (CCND1 [Entrez 14174], FGF3, FGF4 [Entrez 14175], FGF19 [Entrez 

9965], EMSY [Entrez 56946] on 11q13; FGFR1, ZNF703, GPR124 [Entrez 25960] on 

8p11; GNAS [Entrez 2778] and ZNF217 on 20q13). These gene amplifications were 

subsequently combined and analysed per amplicon for prognostic associations. 

 

Associations with prognosis 

We evaluated associations between frequent driver alterations (≥ 5% frequency) and 

prognosis in both univariate and multivariable models (Figure 2.3). In univariate 
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analysis, PIK3CA mutations were significantly associated with reduced risk of distant 

recurrence (HR, 0.57; 95% CI, 0.38-0.85; P = .006). Analysis of PIK3CA mutations by 

protein domain versus wild type PIK3CA demonstrated favourable outcomes for all 

subgroups (kinase domain, helical domain, and other) (eTable 6 in the Supplement). 

Conversely TP53 mutations (HR, 1.92; 95% CI, 1.21-3.04; P = .006), 11q13 

amplifications (HR, 2.14; 95% CI, 1.36–3.37; P = .001), and 8p11 amplifications (HR, 

3.02; 95% CI, 1.88-4.84], P < .001) were associated with significantly increased risk 

of distant recurrence (eFigure 8 in the Supplement). In multivariable analysis adjusting 

for age, tumor size, nodal status, and grade, only 11q13 amplifications (HR, 1.72; 95% 

CI, 1.12-2.64; P = 0.01) and 8p11 amplifications (HR, 2.00; 95% CI, 1.25-3.21; P 

= .004) remained statistically significant. Increasing number of somatic driver 

alterations per tumor was also associated with worse outcomes in both univariate (HR, 

1.18; 95% CI, 1.11–1.25], P < .001) and multivariable analysis (HR, 1.11; 95% CI, 

1.04-1.19; P = .002). 

 

Interaction with treatment: letrozole vs tamoxifen 

We next investigated whether PIK3CA mutations were associated with a significant 

treatment interaction. Consistent with our hypothesis, patients with tumors harbouring 

a PIK3CA mutation (kinase or helical, n=114) derived a greater magnitude of benefit 

with adjuvant letrozole over tamoxifen (HR, 0.18; 95% CI,  0.06-0.50) than patients 

whose tumors did not (n=184) (HR, 1.26; 95% CI, 0.65–2.45; P interaction = .002)  

Figure 2.4, eTable 7 in the Supplement). Further sensitivity analysis by PIK3CA 

mutation hotspot demonstrated similar results (eTable 8 in the Supplement). Of these 

patients, 36% were node-positive, and 25% had received adjuvant chemotherapy.  

Patients whose tumors harboured a kinase or helical domain PIK3CA mutation and 
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were treated with letrozole monotherapy had an excellent prognosis, with an estimated 

5-year distant recurrence-free proportion of 99% (95% CI, 98%-99%).  A statistically 

significant difference in treatment effect (P interaction = .01) was also observed in the 

subgroup of no-chemotherapy patients. 

 

Higher Ki-67 levels have been reported to be predictive of increased benefit to adjuvant 

letrozole.17 As an exploratory analysis, we investigated the relationship between Ki-67 

level and the presence of kinase/helical domain PIK3CA mutations as predictive 

biomarkers.17 In a Cox proportional hazards multivariable model that included 

adjustment for Ki-67 level, the treatment interaction with PIK3CA mutation status 

remained statistically significant (P = .03) (eTable 9 in the Supplement). We further 

performed a STEPP analysis to examine the relationship between Ki-67 level as a 

continuous variable and disease outcome, adjusted for PIK3CA mutation status 

(eFigure 9 in the Supplement). As illustrated, the increased magnitude of benefit of 

adjuvant letrozole appeared to be driven by PIK3CA mutation status independent of Ki-

67 levels. 
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DISCUSSION 

In this analysis of primary tumor samples from post-menopausal women with 

ER+/HER2- BC from the randomized phase III BIG 1-98 study, we have described the 

landscape of driver alterations, their association with clinicopathologic factors, and 

prognostic associations for distant recurrence-free interval. Furthermore, we report that 

patients with tumors harbouring kinase or helical domain PIK3CA mutations derived a 

greater magnitude of benefit with letrozole over tamoxifen therapy, and had long-term 

freedom from distant recurrence. To our knowledge, this is the first study to report a 

DNA-based predictive biomarker in this setting. Given that relapse from ER+/HER2- 

disease is the major cause of death from BC, our results are important in understanding 

the biological mechanisms of aggressive ER+/HER2- disease. 

 

Similar to previous studies in heterogeneously selected BCs, we observed a diverse 

driver alteration landscape.105-107,110 PIK3CA mutations were the most common, 

followed by TP53 mutations, with many other mutations at lesser frequencies. One 

difference in the BIG 1-98 dataset was that recurrent mutations in PTPN11 and SPEN 

were detected, which have only recently been described in BC,83,253,254 representing 

potential new drug targets as well as novel biology. Amplifications were frequent, with 

recurrent amplicons on chromosomes 11 (11q13/14), 8 (8p11), and 20 (20q13) 

detected.106 We observed significant co-existence associations between TP53 mutations 

and several focal gene amplifications (CCND1, FGFR1, MYC, ZNF703), higher grade 

and Ki-67, suggesting that these alterations cooperate synergistically to produce a 

genomically unstable and aggressive ER+ BC phenotype.107,110  
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With respect to risk of distant recurrence, TP53 mutations and amplifications on 11q13 

and 8p11 were associated with significantly poorer outcome. This has been shown 

previously,106,107,167,173,255 with higher proliferation rates and promotion of endocrine 

resistance. Our unique dataset lends support to their prognostic implications in early-

stage post-menopausal ER+ BC.  A novel finding was that progressively poorer 

outcomes were observed as numbers of driver alterations increased. This has been 

shown previously in myelodysplasia,256 and suggests that driver alterations have 

significant implications even if they are subclonal, consistent with an adverse 

prognostic role described for intratumor heterogeneity82 and the presence of subclonal 

drivers257 observed in other cancer types.  

 

As expected, tumor PIK3CA mutations were associated with a better outcome but did 

not remain significant in the multivariable model due to associations with good 

prognosis variables.167,168,245,258 Our data however highlights the diversity in co-existing 

driver alterations with PIK3CA. This may result in a heterogeneous clinical phenotype 

but also suggests the need for future clinical studies in this setting to take genomic 

context into consideration.  

 

We also report the novel finding of a predictive role for PIK3CA genotype in identifying 

patients who derived greater benefit to 5 years of letrozole adjuvant therapy. In patients 

with tumors harbouring kinase/helical PIK3CA mutations, the estimated proportion of 

patients without a distant recurrence at 5 years for those who received 5 years of 

letrozole was 99%. This finding is biologically plausible,245,246 and of high importance 

as PIK3CA mutations are enriched in ER+/HER2- BC. Further studies to establish the 

exact mechanisms underlying this observation and to validate our finding are 
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warranted. If confirmed, PIK3CA genotyping could be easier to implement in the clinic 

due to the ease of interpreting a binary result (mutated vs not), and reproducibility of a 

DNA-based test.  

 

Higher Ki-67 levels have previously been reported to be predictive of increased benefit 

to adjuvant letrozole.17 However, to our knowledge, no prior study has established the 

interaction between Ki-67 with PIK3CA mutation status on treatment effect comparing 

letrozole with tamoxifen.  Notably, the interaction between PIK3CA status and 

treatment assignment remained statistically significant in a multivariable model, 

suggesting genotype had independent predictive value even after adjustment for Ki-67 

level. Moreover, using STEPP analysis (eFigure 9 in the Supplement), the magnitude 

of increased benefit to letrozole at higher Ki-67 levels appeared to be limited to the 

PIK3CA mutated subgroup, suggesting that PIK3CA genotype provided additional 

predictive value above Ki-67 alone.  

 

Although retrospective, our data is strengthened by the use of a clinical trial dataset 

with prospective treatment randomization, and robust recurrence data with a median 

follow-up of 8 years. The strength of biomarker analyses in this context has been 

previously reported.259  

 

Limitations 

Our study had a limited ability to examine subgroups and infrequent driver alterations. 

Whilst we used only 20% of the samples from the total trial cohort, the sampling design 

and weighted analysis is a financially-efficient, well-accepted and methodologically-

sound approach for a biomarker study (eTable 2 in the Supplement).251,260 For example, 
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the lobular histological subtype has also been reported to derive increased benefit to 

adjuvant letrozole261. While lobular carcinomas have been recently reported to harbour 

high frequencies of PIK3CA mutations,116 our study was underpowered to confirm that 

PIK3CA mutations are independently driving this effect in the lobular carcinomas.  
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CONCLUSIONS 

Our study highlights the feasibility of DNA sequencing of formalin-fixed, paraffin-

embedded samples,139 especially as next-generation sequencing technologies become 

increasingly accessible as costs reduce. We propose that DNA-based biomarkers have 

advantages compared with gene expression based prognostic scores163,239,240 in that 

categorical findings are achieved rather than continuous scores, reducing the 

uncertainty of intermediate values as well as the chance to identify therapeutic targets.  

 

We have described the prognostic and predictive relevance of somatic driver alterations 

in ER+/HER2- early BC in postmenopausal women from a large, phase 3 adjuvant 

randomized study. DNA-based classifications have promise to add to current 

prognostic markers and aid our adjuvant treatment decisions in ER+/HER2- disease.
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FIGURES 
 
 

                 
 
Figure 2.1. Flow diagram of patient selection for the analysis population 
ER indicates estrogen receptor 
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Figure 2.2. The landscape of somatic driver alterations in the Breast International Group 1-98 trial 
Only somatic driver alterations with a weighted frequency of 4% or greater in the whole cohort are displayed. All percentages shown are weighted 
frequencies with the exception of estrogen receptor (ER) and progesterone receptor (PR) expression. Luminal-like status was determined using 
the published St. Gallen 2013 consensus.248 Thirteen patients were luminal-like status unknown because of missing data. Numbers in parentheses 
indicate absolute numbers of patients per cohort and subtype. Indels indicates insertions and deletions; LN, lymph node.
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Figure 2.3. Prognostic analyses for distant recurrence 
Weighted univariate and multivariable Cox proportional hazards regression analyses 
are shown for distant recurrence-free interval. The hazard ratio (HR) compares the 
mutated or amplified status vs the wild-type or nonamplified status of the gene (or 
amplicon), respectively.  Number of alterations was evaluated as a continuous variable 
per additional driver alteration. Number of events indicates the observed number of 
distant recurrences in the analysis cohort. The univariate Cox proportional hazards 
regression model was adjusted for treatment arm, and the multivariable model was 
adjusted for treatment arm, age, tumor size, nodal status, and grade as described in the 
Methods section. Focal gene amplifications on chromosomes 20q13, 11q13 and 8p11 
are described in the Results section.
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Figure 2.4. Treatment interactions 
A and B, Weighted cumulative incidence curves demonstrating the prognostic effect of letrozole or tamoxifen monotherapy on the risk of distant 
recurrence by PIK3CA mutation status. Number of events displays indicates the observed number of distant recurrences per subgroup. The 5-year 
estimates for distant recurrence and 95% confidence intervals were calculated with the use of sampling weights. C, Hazard ratio (HR) for letrozole 
monotherapy versus tamoxifen monotherapy according to PIK3CA mutation status. These data were derived with a weighted univariate Cox 
proportional hazards regression model. The interaction P value represents the interaction between PIK3CA mutation status and treatment benefit. 
The observed number of patients (number of events) was 114 (24) for the PIK3CA mutation-positive group and 184 (47) for the PIK3CA mutation-
negative group.
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ABSTRACT 

Background 

In postmenopausal estrogen receptor-positive, human epidermal growth factor 2 

(HER2)-negative early breast cancer, the risk for distant recurrence can extend beyond 

5 years of adjuvant endocrine therapy. This study aims to identify genomic driver 

alterations associated with late distant recurrence. 

 

Patients and methods 

Next generation sequencing was used to characterize driver alterations in primary 

tumors from a subset of 764 postmenopausal estrogen receptor-positive/HER2-

negative patients from the BIG 1-98 randomized trial. Late distant recurrence events 

were defined as ≥ 5 years from time of randomization). The association of driver 

alterations with distant recurrence-free interval in early and late time periods was 

assessed using Cox regression models. Multivariable analyses were carried out to adjust 

for clinicopathological factors. Weighted analysis methods were used in order to correct 

for over-sampling of distant recurrences. 

 

Results 

A total of 538 of 764 (70%) samples were successfully sequenced including 88 (63%) 

early and 52 (37%) late distant recurrence events after a median follow up of 8.1 years. 

In univariable analysis for late distant recurrence, PIK3CA mutations (58.8%) were 

significantly associated with reduced risk (hazard ratio (HR) 0.40, 95% confidence 

interval (CI) 0.20-0.82, P = 0.012), whereas amplifications on chromosome 8p11 

(10.9%) (HR 4.79, 95% CI 2.30-9.97, P < 0.001) and BRCA2 mutations (2.3%) (HR 

5.39, 95% CI 1.51-19.29,  P= 0.010) were significantly associated with an increased 
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risk. In multivariable analysis, only amplifications on 8p11 (P = 0.002) and BRCA2 

mutations (P = 0.013) remained significant predictors.  

 

Conclusions 

In estrogen receptor-positive/HER2-negative postmenopausal early breast cancer, 

PIK3CA mutations were associated with reduced risk of late distant recurrence, whereas 

amplifications on 8p11 and BRCA2 mutations were associated with increased risk of 

late distant recurrence. The characterization of oncogenic driver alterations may aid in 

refining treatment choices in the late disease setting, and help identify potential drug 

targets for testing in future trials.
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HIGHLIGHTS 

- PIK3CA mutations are associated with reduced risk of late distant recurrence. 

- BRCA2 and amplifications on chromosome 8p11 are associated with increased 

risk of late distant recurrence. 

- Oncogenic driver characterization may aid in refining prognostic estimates for 

late disease recurrence. 
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INTRODUCTION 

In hormone-receptor positive breast cancer, the risk of disease recurrence and death can 

persist well beyond the standard five years of adjuvant endocrine therapy, even in 

patients with limited tumor burden at diagnosis.21,22,243 Clinical trials investigating the 

use of extended adjuvant endocrine therapy have reported conflicting results, with some 

demonstrated small but statistically significant benefits,44,262-265 while others have 

not.266,267 This emphasizes the need for biomarkers to aid in individualising adjuvant 

endocrine therapy decisions.  

 

Routinely utilized clinicopathological parameters including tumor size, nodal status, 

and grade have demonstrated continued prognostic significance even after 5 years of 

endocrine therapy.22,23 The Clinical Treatment Score post-5 years (CTS5), which was 

developed from the ATAC (Arimidex, Tamoxifen, Alone or in Combination) dataset 

and validated in the BIG 1-98 dataset, is a tool with potential clinical utility for 

decision-making regarding extended endocrine therapy use.  

 

The added value of tumor molecular testing to further refine prognostic estimates for 

late distant recurrence has also been investigated with mixed results. Some gene 

expression-based tests have shown diminished prognostic significance in the setting of 

5 years and beyond,159,268,269 possibly due to the influence of genes that correlate 

strongly with increased proliferation and hence early disease recurrence. On the other 

hand, a recent comparison of six gene-expression signatures in the TransATAC study 

population demonstrated significant added value for three gene expression assays in the 

prognostication for risk of late disease recurrence in years 5 to 10 after randomization. 

This suggests that genomic assays could have clinical utility for improving prediction 
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of late disease recurrence risk in this setting; however, as biological factors mediating 

the risk of early and late risk of recurrence may differ, novel assays are likely to be 

required. 

 

We have recently reported the prognostic relevance of oncogenic drivers in post-

menopausal early-stage estrogen receptor-positive, human epidermal growth factor 

receptor 2 (HER2)-negative patients enrolled in the BIG 1-98 study after 8.1 years 

median follow up.270 In this post-hoc exploratory study, our primary objective was to 

identify oncogenic drivers predictive of increased risk of late distant recurrence. These 

data may provide clinically useful information to guide the use of extended endocrine 

therapy, and aid in prioritising future research into potentially targetable molecular 

drivers in the adjuvant setting.  
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METHODS 

Patient cohort 

This analysis includes patients enrolled in the BIG 1-98 clinical trial that were selected 

for next generation sequencing (NGS) of tumor DNA. BIG 1-98 was an international, 

randomized, double-blind phase III trial (NCT00004205) that enrolled 8,010 post-

menopausal patients with hormone-receptor-positive operable invasive breast cancer. 

Patients were randomly assigned to endocrine monotherapy with letrozole (2.5 mg 

orally daily) or tamoxifen (20 mg orally daily) for five years, or a sequential strategy 

of tamoxifen for two years, followed by letrozole for three years, or the reverse. The 

study details have been previously reported 243,247. Written informed consent was 

provided by all patients. Ethics committees and relevant health authorities approved the 

protocol. Tumor samples were collected retrospectively in accordance with institutional 

guidelines and national laws.  

 

Details of statistical power calculations and patient selection for tumor sequencing is 

shown in supplementary Figure S1 and described in supplementary Methods, and has 

additionally been previously published.270 A total of 938 patients were selected from 

2706 patients with banked DNA extracted from formalin-fixed, paraffin-embedded 

(FFPE) archival tumor samples, using a sampling plan that included all patients who 

had a distant recurrence and a stratified random sampling of those without distant 

recurrence. After further exclusions due to DNA quality control, 764 samples were sent 

for tumor sequencing.  In order to correct for over-sampling of distant recurrences, 

weighted analysis methods were used. Calculation of sampling weights has been 

previously described.270 (supplementary Methods). 
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Tumor DNA sequencing and variant calling 

Library preparation, hybridization capture, and sequencing were carried out using 

Foundation Medicine’s T5 targeted panel of 287 cancer genes (supplementary Table 

S1). Samples with a median exon depth of coverage of 150x or greater were eligible 

for analysis. Variant pathogenicity was annotated as “known”, “likely”, “ambiguous” 

or “unknown”, after filtering for known germline variants from publicly available 

databases. In order to reduce false positives, only alterations annotated as “known” or 

“likely” to be pathogenic were included for analysis. Driver alterations were defined 

categorically as present or absent (for short-variants, as mutated versus wild type; for 

amplifications, as amplified versus non-amplified). PIK3CA mutations were further 

annotated by affected protein domain (kinase domain, helical domain, other domain, 

multiple domains).  

 

Objectives, end-points, and statistical analysis 

The primary objective of this study was to assess the associations of oncogenic drivers 

with the risk of late distant recurrence, with a secondary objective of assessing 

associations with the risk of early distant recurrence. The primary endpoint for this 

analysis was distant recurrence-free interval (DRFI), which is defined as the time from 

randomization to recurrence at a distant site. Patients without recurrence at a distant site 

were censored at the date of last follow-up or death without recurrence. Distant 

recurrence events were defined arbitrarily as “early” if it occurred less than 5 years 

from the time of randomization, and “late” if it occurred 5 years or greater from the 

time of randomization.  
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The generalized Horvitz-Thompson weighted method (inverse probability weighting) 

was applied to all analyses.251 All prognostic associations were determined using 

weighted Cox proportional hazards regression models, stratified for treatment 

assignment. Multivariable Cox proportional hazard models included the following 

variables which have previously been shown to be prognostic (age [≥65 years vs <65 

years], tumor size [> 2cm vs ≤ 2cm], nodal status [positive vs negative], and grade [3 

vs 1/2]). For risk of early distant recurrence (0-5 years post randomization), all patients 

who had not experienced an event and were still in follow-up at 5 years were censored 

at 5 years. For risk of late distant recurrence (≥5 years post-randomization), only 

patients who had had not experienced an event and were still in follow-up at 5 years 

were included, thus the predictors of late recurrence were conditional on remaining 

recurrence-free and alive at 5 years. Hazard ratios (HR) and 95% confidence intervals 

(95%CI) were generated using robust standard errors, with a Wald test for significance. 

Survival plots for visualisation were generated using the 1–Kaplan-Meier (weighted) 

function and were unadjusted. 

 

We used R software version 3.4.3 for statistical analyses and deemed an unadjusted 

two-sided P value less than 0.05 to be significant. 
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RESULTS 

Patient characteristics 

In total, 538 samples (70%) successfully underwent DNA sequencing and met 

sequencing quality metrics, with a median exon depth ranging from 151x-1,397x for 

target genes. Patient characteristics of the selected sequenced cohort and all eligible 

patients from the BIG 1-98 trial are shown in supplementary Table S2.270 This includes 

140 samples from patients who had a distant recurrence, of which 88 occurred early (< 

5 years from randomization) and 52 late (≥ 5 years from randomization) (Figure 3.1). 

The median follow-up for distant recurrence events was 8.1 years. An additional 13 

patients were excluded from the “late” analysis due to follow-up of < 5 years. The 

weighted frequencies of driver alterations are shown in Figure 3.2 and supplementary 

Figure S2. 

 

Associations of driver alterations for late distant recurrence 

The univariable and multivariable prognostic associations of driver alterations for early 

and late distant recurrence are shown in Table 3.1 and Figure 3.2. Driver alterations 

present in 5% or greater frequency were included for this analysis, as well as selected 

alterations of interest (AKT1 [4.1%] and BRCA2 [2.3%] mutations). 

 

For the risk of distant recurrence in patients ≥ 5 years from randomization, PIK3CA 

mutations were significantly associated with reduced risk of late distant recurrence in 

univariable analysis (HR 0.40, 95% CI:0.20-0.82, P = 0.012) but not in multivariable 

analysis (P = 0.087). Conversely, amplifications on 8p11 (HR 4.79, 95% CI 2.30-9.97, 

P < 0.001), and BRCA2 mutations (HR 5.39, 95% CI 1.51-19.29, P = 0.010) were 

significantly associated with higher risk of late distant recurrence in univariable 
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analysis and also remained significant predictors in multivariable analysis (P = 0.002, 

P = 0.013, respectively). There is an increased risk of late distant recurrence associated 

with CDH1 mutations (HR 1.80, 95% CI 0.70-4.64, P = 0.223), GATA3 mutations (HR 

1.82, 95% CI 0.78-4.22, P = 0.164), and amplifications on 20q13 (HR 2.86, 95% CI 

0.96-8.52, P = 0.060), however these were not statistically significant. Survival plots 

by driver alteration status are shown in Figures 3, supplementary Figure S3.  

 

Associations of driver alterations for early distant recurrence 

For the risk of distant recurrence within the first 5-years, TP53 mutations (HR 1.94, 

95% CI 1.11-3.38, P = 0.020), and amplifications on 11q13 (HR 2.49, 95% CI 1.46-

4.25, P = 0.001) and 8p11 (HR 2.57, 95% CI 1.40-4.69, P = 0.002) were associated 

with greater risk of early distant recurrence in univariable analysis, however only 

amplifications on 11q13 remained significant in multivariable analysis (P = 0.005). 

PIK3CA mutations demonstrated numerically reduced risk of early distant recurrence 

but was not statistically significant (HR 0.66, 95% CI 0.39-1.11, P = 0.115). Survival 

plots by driver alteration status are shown in Figures 3.3, supplementary Figure S3.  

 

Association of PIK3CA mutations by affected functional domain for late distant 

recurrence 

Supplementary Table S3 shows the ‘early’ and ‘late’ prognostic associations by 

affected functional domain. Reduced risk of distant recurrence was observed for both 

early and late time periods in all subtypes of PIK3CA mutation as compared with wild 

type. Interestingly, kinase domain PIK3CA mutations as compared with wild type 

seemed to have a very low risk of late distant recurrence in univariable (HR 0.18, 95% 

CI 0.06-0.55, P = 0.003), and multivariable analysis (P = 0.009). 
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DISCUSSION 

In this study, we found that the risk of late distant recurrence was significantly lower in 

patients with PIK3CA mutation, although it should be noted that this did not remain 

significant in multivariable analysis. This effect was seemingly more pronounced than 

in the first 5 years. On the other hand, amplifications on chromosome 8p11 were 

significantly associated with increased risk of both early and late distant recurrence. 

BRCA2 mutations were also significantly associated with increased risk of late distant 

recurrence, however this should be interpreted with caution given the low number of 

patients and events. 

 

PIK3CA mutations are the most common somatic genetic alteration in ER+/HER2- 

negative breast cancer.270 Similar to a recently published report, a favourable disease 

outcome was observed in both early and late time settings for patients with tumors 

harbouring PIK3CA mutations.171 This may be in part due to a relative mutual exclusion 

with somatic alterations associated with higher proliferation and increased risk of 

recurrence such as TP53 mutations, and amplifications on chromosomes 11q13, and 

MYC.270 However, given the relatively small number of patients with these alterations, 

his would need confirmation in larger studies. In our dataset, kinase domain PIK3CA 

mutations associated with the most favourable and statistically significant reduction in 

the risk of late distant recurrence as compared with other types of PIK3CA mutations. 

It should be noted however that a recent large pooled analysis found no significant 

difference between helical and kinase domain mutations for recurrence171 Taken 

together, these data suggest that tumor PIK3CA status could potentially serve as a useful 

adjunctive biomarker to clinicopathological variables for determining if a patient has 

sufficiently low risk to be unlikely to derive a significant benefit from extended 



 

 144 

endocrine therapy. Furthermore, we have previously reported PIK3CA mutations to be 

associated with increased dependency on estrogen-receptor signalling, and predictive 

of benefit with letrozole as compared with tamoxifen.270 In the setting of occult 

metastatic disease, prolonged endocrine treatment in these patients could hypothetically 

increase selective pressure for the acquisition of genetic resistance mechanisms such as 

ESR1 mutations.127 

 

Previous reports regarding the prognostic implications of BRCA2 mutations have 

largely focused on germline mutations, with a number of studies having shown no 

significant differences in survival outcomes between germline BRCA2 mutation 

carriers and non-carriers.271 Conversely, the prognostic implications of somatic BRCA2 

mutations on the risk of late distant recurrence remain unknown. This alteration was 

associated with a higher risk of late recurrences in our dataset, however our results are 

limited by small numbers of patients and events, and must be interpreted with caution. 

The utilised sequencing pipeline in this study did not include germline sample analysis, 

and so cannot conclusively determine whether mutations are somatic or germline in 

origin. Reasons as to why BRCA2 mutations might confer higher risk of recurrence in 

the late setting are unclear, but may result from unique biology as a consequence of 

homologous recombination deficiency,272 aberrant mutational processes,118 or even 

anti-tumor immunity as has been described for BRCA1 mutations.273 Adjuvant 

strategies that induce synthetic lethality, such as with poly (ADP-ribose) polymerase 

(PARP) inhibition, may have potential benefits for these patients. Results of the 

OlympiA study, a randomized phase III trial of olaparib as adjuvant therapy in patients 

with high-risk HER2-negatie breast cancer and a germline BRCA1/2 mutation 

(NCT02032823) are eagerly awaited. 
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Amplifications on 8p11 are present in around 10% of HR-positive, HER2-negative 

breast cancers, and were also found to be associated with increased risk of distant 

metastasis in the late setting. We have previously described this genetic alteration to be 

associated with increased proliferation and worse prognosis overall.270 Furthermore, 

amplifications of FGFR1 and ZNF703 have been reported to be associated with 

endocrine resistance in vitro.178,180 The mechanisms underlying the significantly 

increased risk of distant metastasis in the late setting remains uncertain, however the 

risk profile for distant recurrence is persistently elevated in both early and late settings 

for these patients, suggesting de novo endocrine resistance as a plausible contributing 

cause. Thus far, FGFR inhibitors have been disappointing as targeted treatments for 

FGFR1 amplification in breast cancer,274 and it has been suggested that other 

oncogenes in both the 8p11 amplicon, as well as in co-occurring amplicons in other 

regions may be important co-existing molecular targets.275 One example of such a 

candidate is the histone lysine methyltransferase NDS3, which may be therapeutically 

tractable.276 This serves to emphasise the need to improve our understanding of the 

biology of this genomic subset of patients in order to develop novel and effective 

targeted therapeutic strategies. 

 

There are limitations to this exploratory study. While this analysis utilises only a 

selected subset of patients from the total trial cohort, the sampling design and weighted 

analysis is adequate for an exploratory biomarker study.251 It is strengthened by the use 

of a phase III clinical trial dataset with robust endpoint data, however the retrospective 

nature, and small number of patients and events in each alteration category mean that 

our findings must be interpreted with caution and require validation in other datasets. 
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Finally, while this study has an extensive 8 years median follow-up, it is well 

established that patients can develop disease recurrence beyond these time frames,22 

emphasising the ongoing need for extended patient follow up in both clinical trials and 

patient registries. 

 

In conclusion, we have shown that DNA-based classification of tumor oncogenic 

drivers can provide unique insights into the risk of late recurrence. It is likely that 

prognostic estimates for patients can be refined by incorporating clinical scores such as 

CTS5 in conjunction with molecular information. Further studies will be required to 

best integrate clinicopathological, gene expression-based, and DNA-based molecular 

variables for optimal risk stratification.108 This may assist clinicians in balancing the 

potential benefits and risks for the use of extended endocrine therapy, as well as provide 

potential new drug targets.  
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TABLES AND FIGURES 
 
 

                 
 
Figure 3.1.  Early and late distant recurrences in BIG 1-98. 
Weighted survival plot for distant recurrence in patients who underwent DNA 
sequencing. 
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Figure 3.2. Prognostic associations of driver alterations. 
Forest plots demonstrating the prognostic associations of driver alterations in early (0-5 years from randomization) and late (≥ 5 years from 
randomization) time periods using univariable Cox regression models. Boxes demonstrate the hazard ratio point estimate with bars demonstrating 
95% confidence intervals.
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Table 3.1. Prognostic associations of driver alterations in early and late time periods using Cox regression models 
Multivariate analysis included adjustment for treatment assignment, age, tumor size, nodal status, and grade as described in the mods section. 95% 
CI, 95% confidence interval; HR, hazard ratio. 
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Figure 3.3. Cumulative incidence for distant recurrence by driver alteration status 
Weighted cumulative incidence curves for distant recurrence shown by driver alteration status for TP53 mutations (A), 11q13 amplifications (B), 
8p11 amplifications (C), PIK3CA mutations (D), and BRCA2 mutations (E).  



 

 157 

SUPPLEMENTARY TABLES AND FIGURES 

See Appendix
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ABSTRACT 

Very young premenopausal women (aged < 40 years) who are diagnosed with hormone 

receptor-positive, HER2-negative (HR+HER2-) early breast cancer have substantially 

higher rates of recurrence and death for reasons that remain unexplained.27,28 Whilst 

global initiatives utilising next generation sequencing have transformed our 

understanding of the genomic landscapes of solid cancers, breast cancers from young 

premenopausal women remain vastly underrepresented.78,277 Here we describe the 

genomic characteristics of 1,276 early breast cancers from premenopausal women 

randomised in the practice-changing Suppression of Ovarian Function Trial (SOFT) 

clinical trial.20,29 Although overall somatic driver landscape did not significantly differ 

compared with postmenopausal HR+HER2- cancers, we describe unique genomic 

characteristics in the younger premenopausal women aged < 40 years (28%) that 

contribute to their poorer prognosis. We report genomic subgroups defined by 

homologous recombination deficiency (HRD), a high-risk PIK3CA mutated genotype, 

amplification-enriched, and amplification-devoid subsets, all with significantly 

different risks of distant recurrence and overall survival.  Our results provide a 

framework for genomic subgrouping of premenopausal HR+HER2- breast cancer and 

highlights priority molecular targets for future clinical trials. We conclude that in order 

to improve the poor prognosis of the young premenopausal women, trials will need to 

be uniquely designed for this age group. 
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TEXT 

The Suppression of Ovarian Function Trial (SOFT) is a multicenter, open label, phase 

III trial in which 3,066 premenopausal women with HR+ early breast cancer were 

randomly assigned to adjuvant endocrine therapy with tamoxifen alone, tamoxifen plus 

ovarian suppression, or exemestane plus ovarian suppression for 5 years.20 There was 

a significant improvement in disease-free and overall survival with the addition of 

ovarian suppression to tamoxifen after median follow-up of 8 years.29 These practice 

changing results led to the incorporation of ovarian function suppression into adjuvant 

therapy for premenopausal patients deemed to have a sufficient risk of recurrence to 

warrant adjuvant chemotherapy. 

 

We successfully sequenced tumour samples from 1,276 premenopausal women with 

HR+HER2- early breast cancer who were randomized in SOFT (combined sequencing 

cohort). This includes 1,258 patients whose tumors underwent deep targeted 

sequencing. Whole exome sequencing (WES) was performed on a matched case-

control subsample of 82 women age < 45 years at randomisation with and without 

distant recurrence. Both targeted sequencing and WES was performed in 64 patients. 

Details on patient selection and workflow are shown in Supp F1 (see methods).  

 

Clinical characteristics of patients enrolled in the SOFT trial have been previously 

reported.20,29 The clinical characteristics of combined sequencing cohort were similar 

to the overall SOFT study population (Supp T2). The median age at randomisation was 

43 years (range, 24-58 years), with 359 patients (28%) younger than 40 years. There 

was a median follow up of 7.9 years. The matched case-control subsample of patients 

had a median age at randomisation of 38 years, with 48 patients (59%) younger than 40 
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years. The targeted sequencing cohort included 121 patients (10%) who had a distant 

recurrence event. The case-control subsample included 35 patients with a distant 

recurrence event, and 38 patients without a distant recurrence event (Supp T3, see 

methods). 

 

Genomic landscape of premenopausal HR+/HER2- breast cancer 

The landscape of frequent somatic driver alterations of the combined sequencing cohort 

of 1,276 are shown in Figure 4.1A. Twenty two genes harboured oncogenic drivers in 

at least 50 patients (≥ 4%), of which 9 were predominantly mutational (PIK3CA, 

GATA3, MAP3K1, CDH1, PTEN, KMT2C, TP53, AKT1, CBFB), 4 were tumour 

suppressors which were either mutated and/or copy number deleted (BRCA2, BRCA1, 

PMS2, RB1), and the remainder were within recurrent amplicons on chromosomes 

11q13 (CCND1, FGF19, PAK1, EMSY), 8p11 (FGFR1), 8q24 (MYC), 17q23 

(PPM1D), 14q21 (FOXA1), and 21q22 (RUNX1). ERBB2 mutations were less common 

(N=23, 2%) in this patient population that had excluded tumors HER2-positive by IHC 

and/or ISH. We detected no ESR1 mutations, consistent with previous data indicating 

that these arise following selective pressure from endocrine therapies.127 Per individual 

tumour sample, double or multiple genomic alterations were observed in well-described 

tumour suppressors such as BRCA2, BRCA1, MAP3K1 and PTEN, however this was 

infrequent (Supp F4). Recently described double or multiple PIK3CA mutations 

occurred in 47 patients (9% of PIK3CA mutated tumours).226 PIK3CA amplifications 

were rare, but nearly all co-existed with PIK3CA activating mutations (6 patients with 

amplifications, 5 with co-existing hotspot PIK3CA mutations). There were no major 

differences in the frequencies of common driver alterations in our premenopausal 
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cohort compared with those in a study of HR+HER2- early breast cancers from 

postmenopausal women enrolled in the BIG 1-98 clinical trial (Supp F5).270 

 

We next investigated the association of each individual frequent somatic driver with 

the risk of distant recurrence, compared with its non-altered counterpart (Figure 4.1B). 

Consistent with previous reports, key gene-level copy number amplifications on 

chromosomes 11q13, 8q24, 14q21, 8p11 17q23, and 21q22 dominated driver 

associations with increased risk of distant recurrence.106,108 Similar findings were 

previously reported for postmenopausal BIG 1-98 trial patients with HR+/HER2- early 

breast cancer.270 By contrast, MAP3K1 mutations were associated with a numerically 

lower risk of distant recurrence (Fig 1B). MAP3K1 mutations have been previously 

reported to be associated with a less proliferative, and more endocrine sensitive luminal 

A phenotype.110 In this analysis of the combined sequencing cohort, PIK3CA mutations 

were not significantly associated with risk of distant recurrence in contrast to a recent 

large meta-analysis.171 Analysis for associations with overall survival demonstrated 

similar findings (Supp T6). 

 

A recent integrated analysis of early breast cancers combining copy number 

segmentation and gene expression data identified 10 clusters termed IntClusts, each 

with unique copy number and prognostic profiles.106,108 Most of these clusters are 

defined by characteristic gene-level copy number aberrations.108,183 In the absence of 

gene expression data, we sought to validate this model using a simplified classification 

system based solely on IntClust-specific copy number aberrations. We first compared 

tumours that harboured each of these IntClust-specific copy number aberrations with 

tumours that were amplification-devoid (see methods). Similar to the integrated clusters 
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data, each copy number alteration was associated with a significantly higher risk of 

distant recurrence than the amplification-devoid group, with the exception of the group 

of patients with amplifications on chromosome 17q23 (Supp T7). Similar findings were 

observed for associations with overall survival (Supp T8). 

 

As a number of tumours harboured concurrent copy number alterations in multiple 

IntClust-characteristic amplicons, we further classified groups of tumours that 

contained amplifications in multiple amplicons as “multiple amplifications” (see 

methods) (Supp F9). The amplification-devoid group had the best prognosis with an 

estimated rate of freedom from distant recurrence of 93% (95% CI 91-95), and overall 

survival of 95% (95% CI 93-97) at 8 years (Figure 4.1C, Supp F10). Some of these 

IntClusts have previously been reported to be associated with increased risk of late 

disease recurrence.108 Extended follow up for the detection of late occurring recurrences 

will be required to validate this in our study cohort. Notably, patients classified with 

multiple amplifications had the poorest prognosis with an estimated freedom from 

distant recurrence rate of 74% (95% CI 66-83) , and overall survival of 79% (95% CI 

71-87) at 8 years, suggesting that the influence of multiple copy number aberrations 

may be additive, or indicative of higher risk associated with increased inherent 

chromosomal instability.278  

 

Genomic characteristics of poor prognosis breast cancer in the patients < 40 years 

The overall higher risk of recurrence in very young patients enrolled in the entire SOFT 

trial has been previously reported.20,279,280 Other studies have also demonstrated this 

even after stratification for intrinsic subtype, although different age cut-off values were 

utilised.27,28 After adjustment for clinico-pathologic variables and treatment 
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assignment, patients < 40 years had greater risk of distant recurrence than patients ≥ 40 

years (HR 1.57, 95% CI 1.08-2.28), with an estimated 8-year freedom from distant-

recurrence rate of 78% (95% CI 74-83) versus 94% (95% CI 92-95) respectively 

(Figure 4.2A). Consistent with prior literature,27,28 the poor prognostic association of 

age < 40 years was observed in both luminal A-like and luminal B-like populations 

(Supp F11, see methods).  

 

We next assessed for differences in the frequency of oncogenic drivers. Patients < 40 

years had significantly lower frequencies of mutations in PIK3CA (32% vs 47%, 

q<0.001), CDH1 (3% vs 9%, q=0.002), and MAP3K1 (7% vs 12%, q=0.014), but higher 

frequencies of mutations in TP53 (7% vs 3%, q<0.010) than the older premenopausal 

patients ≥ 40 years (Figure 4.2B). Patients < 40 years also had significantly higher 

frequencies of copy number amplifications (47% vs 26%, q<0.001). This increase was 

observed for all assessed copy number amplicons, however the largest increase was 

observed in the multiple amplicon subgroup (16% vs 6%, q<0.001) (Figure 4.2C). 

These findings highlight enrichment of structural chromosomal changes, in particular 

copy number amplifications, as a contributor toward increased risk of distant relapse in 

premenopausal patients < 40 years. Further enrichment was observed in patients aged 

< 35 years at randomization (N=123), who had low frequencies of PIK3CA mutation 

(24%) and high frequencies of copy number amplifications (57%). In contrast, low 

frequencies of amplification-devoid tumours were observed in patients aged < 35 years 

at randomization (43%).  

 

Homologous recombination deficiency in patients < 40 years 
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Deleterious genetic alterations in genes involved in homologous recombination repair, 

such as in patients with germline BRCA1 and BRCA2 mutations, are a known risk factor 

for the development of breast cancer in the young patients. Furthermore, recent research 

has suggested estrogen signalling itself can suppress DNA damage response pathways, 

potentiating the development of homologous recombination deficient, estrogen-

receptor positive breast cancers.281 Importantly homologous recombination deficient 

tumours are potentially amenable to therapeutic strategies that include PARP 

inhibitors61,119 or platinum chemotherapy.282 

 

To analyse for the presence of homologous recombination deficiency (HRD), we first 

investigated the young-age (< 45 years), matched case-control WES subsample (N=82 

patients). Using the “HRDetect” algorithm modified for WES, 21 (31%) tumours tested 

positive using the predefined cut-off of 0.7.117 Of the 21 patients with HRDetect-

positive tumours, only 4 had biallelic BRCA2 alterations (Figure 4.3A). Tumours that 

were HRDetect-positive had a median tumour mutation burden of 209 (IQR 164-246) 

and a median Ki-67 level of 25% (IQR 23-36). Whereas tumour that were HRDetect-

negative had a median tumour mutation burden of 90 (IQR 58-155) and a median Ki-

67 level of 18% (IQR 14-25). (Figure 4.3B). While high tumour mutation burden raises 

the possibility of sensitivity to PD-1 inhibition, none were greater than ten mutations 

per megabase.283  Distant recurrence occurred in 13 of the 21 patients with HRDetect-

positive tumours, and 19 of the 47 patients with HRDetect-negative tumours (62% vs 

40%, odds ratio 6.5, 95% CI 0.80-53.33, P=0.080). Notably there was a higher 

frequency of HRDetect-positive tumours in the patients < 40 years compared with 

patients 40-45 years of age (41% vs 14%). In the 19 patients < 35 years of age in the 

case-control subsample, nine (47%) were HRDetect-positive (Figure 4.3B).  In a second 
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evaluation for the presence of HRD, we evaluated for genomic alterations in HRD-

related genes in the 1,276 patients in the combined sequencing cohort. There were 274 

patients (21%) with a genomic alteration in at least one HRD-related gene, with BRCA2 

(12%) and BRCA1 (9%) alterations being the most prevalent (Supp F12). Relative 

mutual exclusivity between these genes suggests functional redundancy (Supp F13).  

 

Finally, to investigate for enrichment of HRD genomic features with young age, we 

considered both HRDetect-positivity and/or genetic alterations in HRD-related genes 

to be indicative of HRD. HRD genomic features were present in 288 (23%) of the 

combined study population. There was a significantly higher frequency of HRD 

genomic features in patients < 40 years compared with patients ≥ 40 years (27% vs 

21%, P=0.021) (Figure 4.3C). In the 123 patients < 35 years of age at randomisation, 

44 (36%) had tumours with HRD genomic features. These findings highlight HRD as 

a key genomic feature in patients < 40 with HR+HER2- early breast cancer. 

 

Heterogeneous outcomes for PIK3CA mutated breast cancer in patients <40 years 

We next assessed whether oncogenic driver alterations had significantly different 

prognostic associations in women < 40 as compared with women ≥ 40 (Supp T14). 

PIK3CA mutations were the only oncogenic driver to demonstrate significantly 

different prognostic associations in women < 40 years (HR 1.78, 95% CI 1.08-2.92) 

compared with women ≥ 40 years (HR 0.58, 95% CI 0.33-0.99, P interaction=0.002). 

Heterogeneous disease outcome associations with PIK3CA mutations have been 

previously reported, with better prognosis observed in a large meta-analysis of early 

stage disease,171 and contrastingly poor prognosis observed in metastatic disease.132 We 

next investigated if other concurrent genomic features might explain the heterogeneous 
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disease outcomes. Double or multiple PIK3CA mutations have recently been reported 

to enable hyperactivated PI3-kinase signalling and enhanced proliferation.226 Multiple 

PIK3CA mutations were present in 47 patients, however these were not associated with 

higher Ki-67 levels, poorer outcomes, nor enrichment in patients < 40 years in this 

study (Supp F15). On the other hand, PIK3CA mutations with co-existing copy number 

alterations, while uncommon (N=100, 8% of the combined study population, 18% of 

patients with a PIK3CA mutation), demonstrated significantly higher Ki-67 levels 

(median 19% vs 14%, P<0.001), enrichment in patients < 40 years (31% vs 15%, 

P<0.001), and a higher risk of distant recurrence (HR 3.37, 95% CI 1.86-6.10, P<0.001) 

than PIK3CA mutations without co-existing copy number amplifications (Figures 4.3D, 

4.3E, 4.3F). Similar heterogeneous prognostic associations of PIK3CA mutations have 

been previously reported between different IntClust groups.107 Hence, we have 

identified heterogeneous prognostic implications of PIK3CA mutations, and highlight 

co-existing copy number amplifications as an enriched feature in the patients < 40 years 

that is associated with poor prognosis. This may need to be taken into consideration 

when designing trials using PI3K-alpha or AKT inhibitors in the early breast cancer 

setting.  

 

Genomic and immune features of poor ER-positive tumours 

Recently published ASCO/CAP guidelines for estrogen and progesterone receptor 

testing in breast cancer recommended careful reporting and interpretation of ER-low 

positive tumours (ER 1-10%) due to its heterogeneous biology and more limited data 

for endocrine therapy benefit, with gene expression profiles often similar to ER-

negative cancers.10 Notably, the SOFT study required patients to have breast tumours 

with 10% or greater ER or PR expression to be eligible, as assessed by the local 
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laboratory. In a recently reported analysis that included patients in the SOFT trial, the 

predictive value of ER levels could not be investigated due the vast majority of patients 

having strongly ER-positive tumours.284 As an exploratory analysis, we next sought to 

determine if poor ER-positive tumours had similar genomic and immune features to 

triple negative breast cancers. Tumours with ER expression of < 50% by 

immunohistochemistry (arbitrarily defined) were termed “poor ER-positive” tumours. 

This subgroup included only 27 tumours (2% of the combined sequencing population) 

with a median ER expression of 20% (IQR 8-40), median PR expression of 30% (1-

55), and median Ki-67 level of 20% (IQR 10-39).  

 

As TP53 mutations, MYC amplifications, and BRCA1 mutations are frequent genomic 

driver alterations in triple negative breast cancer, we next assessed their frequency in 

poor ER-positive tumours.105 TP53 mutations were present in 19% of poor ER-positive 

tumours compared with 4% of tumours with ER expression ≥ 50% (Figure 4.3G). In 

contrast, BRCA1 mutations and MYC amplifications and were not present at high 

frequencies in poor ER-positive tumours (both 7%), however the analysis was limited 

by small numbers. We further assessed this using the publicly available TCGA breast 

dataset which included 51 poor ER-positive tumours, and 299 tumours with ER 

expression ≥ 50%. This confirmed a high frequency of TP53 mutations in poor ER-

positive tumours at 43% compared with 9% of tumours with ER expression ≥ 50% 

(Figure 4.3G). BRCA1 mutations were similarly infrequent (2%), however MYC 

amplification was present at a high frequency (22%) in poor ER-positive tumours in 

the TCGA breast dataset.  
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We next evaluated whether poor ER-positive tumours contained high levels of tumour-

infiltrating lymphocytes (TILs). Stromal TILs were evaluated in 107 patients including 

the case-control subsample and all poor ER-positive cases (see methods). Poor ER-

positive tumours had a significantly greater proportion of immune infiltrates present 

compared with tumour with ER expression ≥ 50% (36% vs 9% with stromal TIL 10% 

or greater, 8% vs 2% with stromal TIL 50% or greater, P=0.012) (Figure 4.3H). Again, 

given the small number of poor ER-positive tumours in our study, we sought validation 

in the TCGA breast dataset using previously reported TIL data,285 which confirmed 

significantly higher TIL levels in poor ER-positive tumours compared with tumours 

with ER expression ≥ 50% (P=0.003) (Supp F16).  

 

Collectively, these findings suggest that poor ER-positive tumours may share some 

genomic and immune features with triple negative breast cancer, however larger 

datasets are required to confirm these findings. Given the higher proportion of tumours 

with TILs observed, immunotherapy strategies could potentially be useful in this 

population. 

 

Framework for genomic subgrouping of premenopausal breast cancer 

We have identified a number of key genomic features in premenopausal HR+HER2- 

early breast cancer that define distinct prognostic profiles in this heterogeneous breast 

cancer subtype. In addition, these features define potential therapeutic targets that could 

be addressed in clinical trial settings. To address the potential clinical utility of this, we 

propose a framework for genomic subgrouping of premenopausal breast cancer (Fig 

4A). These genomic subgroups are not entirely mutually exclusive, but are instead 

based on their priority as molecular targets. As previously described, these poor 
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prognostic genomic features are enriched in patients < 40 years. Further analysis by age 

at randomisation demonstrated poor prognostic genomic features to be present in 72% 

of patients aged < 35 years, 54% in patients aged 35-49, and 40% in patients aged ≥ 40 

years (Fig 4B). 

 

Collectively, these poor prognostic genomic features are associated with a higher risk 

of distant recurrence (HR 1.85, 95% CI 1.27-2.69; 8-year rate of freedom from distant 

recurrence 84% vs 94%), and poorer overall survival (HR 2.20, 95% CI 1.40-3.48, 8-

year overall survival 88% vs 96%) when compared with those with no poor prognostic 

features, suggesting they may define breast cancer subsets with aggressive disease 

biology resistant to standard adjuvant treatments (Fig 4C, 4D). The proposed genomic 

subgrouping also provided significant additional prognostic information after 

adjustment by luminal-like status for both distant recurrence-free interval (P=0.006) 

and overall survival (P=0.014) (Supp F17, F18, F19). By contrast, the subgroup with 

no poor prognostic features (N=677, 53%) demonstrated excellent 8-year rates of 

freedom from distant recurrence (94%, 95% CI 92-96) and overall survival (96%, 95% 

CI 94-98). Finally, we investigated for treatment interactions between the different 

genomic subgroups for risk of distant recurrence and found no significant interactions 

(Supp F20). 

  

Discussion 

Our results highlight the unique patterns of somatic drivers and genomic landscapes in 

HR+HER2- early breast cancers from premenopausal women, focusing on the women 

< 40 years. We have demonstrated age-related differences in genomic profiles which 

could explain the poorer outcomes that have been observed in these younger 
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premenopausal women despite recent therapeutic advances. We validated the 

prognostic associations of previously described IntClusts,106,108 and demonstrate that 

poor prognosis IntClusts are enriched in patients < 40 years. Furthermore, we have 

identified a number of key therapeutic targets that are enriched in patients < 40 years, 

opening up the potential for treatment targeted to these molecular findings. A major 

strength of our work is the use of patient samples enrolled in a landmark clinical trial 

with well-annotated clinical data and survival follow-up. 

 

HRD presents as an ideal molecular target as drugs affecting this pathway are already 

well established. Notably, from the 21 patients with HRDetect-positive tumours, only 

4 had biallelic BRCA2 alterations. This suggests that broader genomic strategies for 

detecting HRD may perform better as a predictive biomarker than germline BRCA1 and 

BRCA2 mutation testing, or testing for genomic alterations in HRD-related genes. One 

limitation of our study is that HRDetect is likely to be more accurate using a whole 

genome sequencing approach as this provides a greater number of mutations and 

improved clarity on structural genomic alterations for down-stream analysis. However, 

correlations with tumour mutation burden, high Ki-67 levels, and high risk of distant 

recurrence suggests at the very least that the modified HRDetect algorithm is 

identifying tumours with high levels of genomic instability and high risk of distant 

recurrence. Sensitivity to molecularly targeted approaches with PARP inhibitors in 

these tumours remains an important clinical question. In support of this notion, the 

recently reported GeparOLA study demonstrated strikingly high pathological complete 

response rates in patients treated with the combination of chemotherapy with olaparib 

in hormone-receptor positive, HRD-positive tumours (52.6%), as well as in patients 

aged less than 40 (76.2%), although this included only small patient numbers.208 
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We also identify a group of copy number-amplified PIK3CA mutated tumours that are 

associated with a high risk of distant recurrence. In contrast, non-copy number 

amplified PIK3CA mutated tumours are associated with favourable outcomes. PI3-

kinase inhibitors have recently demonstrated significant clinical efficacy in the 

metastatic setting,59 however further biomarkers beyond the presence of PIK3CA 

mutations are needed. Given the poor prognostic association of the copy number 

amplified PIK3CA mutated tumours, these tumours may be uniquely placed for 

therapeutic strategies involving PI3-kinase inhibitors in the early stage setting. 

 

Recent reports have highlighted higher levels, as well as significant prognostic 

implications of TILs in TNBC compared with other breast cancer subtypes.286,287 

Subsequently, clinical trials have now demonstrated significant clinical benefits to the 

addition of immune checkpoint blockade to chemotherapy for patient with TNBC in 

the neoadjuvant,288 and first-line advanced setting.289 On the other hand, hormone 

receptor-positive breast cancers are typically described as poorly immunogenic. 

Despite this, recent studies have demonstrated clinical efficacy with the addition of 

checkpoint blockade in selected hormone receptor-positive tumours with high-risk gene 

expression scores.290 In exploratory analyses, we have demonstrated that poor ER-

positive tumours may have genomic and immune features similar to that of triple 

negative breast cancers. It remains unclear if these should be treated similar to TNBC 

or with endocrine therapy. Further validation of this finding is required in larger 

datasets, however may suggest that tumours with low ER expression may be 

biologically distinct. Additionally, higher levels of TILs suggest potential for 

immunotherapeutic strategies.  
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The recently reported RxPONDER trial demonstrated a significant benefit for adjuvant 

chemotherapy in early-stage, HR+, node-positive breast cancer (1-3 nodes positive) in 

premenopausal women, but not in postmenopausal women, supporting the notion that 

HR+ breast cancer may have different biological characteristics depending on age and 

menopausal status at diagnosis.291 Our study has identified key genomic features 

underlying the poor prognosis in HR+HER2- early breast cancer, especially in younger 

premenopausal patients. We propose that prospective trials addressing these identified 

molecular pathways should be conducted in this population and could be pivotal to 

improving their clinical outcomes.  
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FIGURES 

                                             

 

Figure 4.1.  The genomic landscape of premenopausal HR+HER2- breast cancer 
in SOFT 
A, Plot demonstrating the frequencies and co-existence of clinicopathological variables 
(top panel), genomic driver alterations (middle panel), and poor prognostic genomic 
features (bottom panel) in the SOFT combined sequencing cohort (N=1,276). B, 
Hazard ratio estimates (boxes) and 95% confidence intervals (lines) derived from Cox 
proportional hazard regression models comparing patients with tumours that harbour 
the driver alteration compared with patients with tumours that do not harbor the driver 
alteration for the endpoint of distant recurrence-free interval in the SOFT combined 
sequencing cohort (N=1,276). Only driver alterations with ≥ 5 events are included. C, 
Kaplan-Meier plot estimating the rate of freedom from distant recurrence based on the 
copy number altered subgroup in the SOFT combined sequencing cohort (N=1,276). 
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Figure 4.2. Genomic drivers of poor prognosis breast cancer in the very young 
A, Kaplan-Meier plot estimating the rate of freedom from distant recurrence according 
to age at randomization in the SOFT combined sequencing cohort (N=1,276). B, A 
comparison of genomic driver alteration frequencies of patients in the SOFT combined 
sequencing cohort aged < 40 years at randomisation compared with patients aged ≥ 40 
years at randomisation. The dotted line provides demonstration of the plot points that 
represent equal frequencies between the groups. Points in red had significantly different 
frequencies after adjustment for multiple testing using the false discovery method. C, 
A comparison of the frequencies of copy number altered subgroups according to 
patients age at randomization in the SOFT combined sequencing cohort (N=1,276).  
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Figure 4.3. Poor prognostic features in patients < 40 years with HR+HER2- breast 
cancer 
A, Plot demonstrating HRDetect probability score (top panel) in 82 evaluable patients 
in the case-control subsample who underwent whole exome sequencing. Green bars 
indicate HRDetect score above the 0.7 probability score threshold, termed HRDetect-
positive. Genomic alterations in homologous recombination deficiency related genes 
(bottom panel) are also shown. B, Plots demonstrating the associations between 
HRDetect-positive score with age at randomization, Ki-67 expression level, and tumour 
mutation burden in the case-control subsample who underwent whole exome 
sequencing (N=82). C, Bar plot demonstrating the frequency of patients with genomic 
features of HRD according to age at randomisation in the SOFT combined sequencing 
cohort (N=1,276). Genomic features of HRD included HRDetect-positivity and/or 
genetic alterations in HRD-related genes. D, Boxplot demonstrating the association 
between concurrent copy number amplification status with PIK3CA mutations and Ki-
67 expression levels in the SOFT combined sequencing cohort (N=1,276). E, Bar plot 
demonstrating the frequency of patients with a PIK3CA mutation and concurrent copy 
number amplification according to age at randomization in the SOFT combined 
sequencing cohort (N=1,276). F, Kaplan Meier plots and forest plots estimating the rate 
of freedom from distant recurrence according to PIK3CA mutation status and copy 
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number amplification status in the SOFT combined sequencing cohort (N=1,276). G, 
Bar plot demonstrating the frequency of TP53 mutations in tumours with ER expression 
< 50% (the “poor ER-positive subgroup”) compared with tumours with ER expression 
≥ 50% in the SOFT combined sequencing cohort (N=1,276), and TCGA breast dataset. 
H, Bar plot demonstrating the frequency of different stromal TIL levels between 
tumours with ER expression < 50% (the “poor ER-positive subgroup”) compared with 
tumours with ER expression ≥ 50% in the SOFT combined sequencing cohort 
(N=1,276). 
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Figure 4.4. Framework for genomic subgrouping of premenopausal HR+HER2- 
breast cancer 
A, Proposed framework for genomic subgrouping and potential systemic treatment 
approaches for premenopausal patients with HR+HER2- early breast cancers. B, Pie 
charts demonstrating the frequencies of the proposed genomic subgroups according to 
age at randomisation in the SOFT combined sequencing cohort (N=1,276). C, Kaplan 
Meier plot estimating the rate of freedom from distant recurrence according to the 
proposed genomic subgroups in the SOFT combined sequencing cohort (N=1,276). D, 
Kaplan Meier plot estimating the overall survival according to the proposed genomic 
subgroups in the SOFT combined sequencing cohort (N=1,276). 
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METHODS 

Patients 

The Suppression of Ovarian Function Trial (SOFT) was a multicenter, randomised, open label, 

phase III trial in which 3,066 premenopausal women with hormone receptor-positive early 

breast cancer were randomly assigned in a 1:1:1 ratio to with tamoxifen alone (20 mg orally 

daily), tamoxifen plus ovarian suppression, or exemestane (25 mg orally daily) plus ovarian 

suppression for 5 years. Randomization was stratified according to use of prior chemotherapy, 

lymph-node status, and intended initial method of ovarian function suppression (if randomly 

assigned to OFS). Ovarian function suppression was achieved by the choice of gonadotropin-

releasing hormone agonist triptorelin (3.75 mg intramuscular injection every 28 days), bilateral 

oophorectomy, or bilateral ovarian irradiation. Details of the study have been previously 

reported after a median follow up of 5.6 years,20 and subsequently after a median follow up of 

8 years.29 Participants required documented premenopausal status, operable invasive breast 

cancer, and tumours that expressed estrogen or progesterone receptors in at least 10% of cells 

according to local assessment to be eligible. The SOFT trial is registered with 

ClinicalTrials.gov, number NCT00066690. The ethics committees and required health 

authorities of each participating center approved the trial protocols, and all patients provided 

written informed consent. Tumour and normal FFPE tissue blocks were prospectively collected 

and patients consented for protocol-mandated central review of histopathologic features and 

expression of ER, PgR, HER2, and Ki-67 labeling index,284 with optional banking of FFPE 

tissue for future research at time of initial consent. The IBCSG Biological Project Working 

Group approved this investigation. 

 

The study workflow is shown in Supp Fig 1 including reasons for patient sample exclusion. 

1,509 patient tumour samples were selected for targeted DNA-sequencing after exclusions for 
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inadequate consent for tissue use, and HER2-positive results by central or local assessment. A 

smaller young-age, case-control subsample were selected for whole-exome sequencing. 

Patients in this subsample were selected using a matched case-control design and included 47 

patients who had a distant recurrence event (by 5 years median follow up in the entire study 

population), and 47 controls that were individually matched by age at randomization (within 8 

years), nodal status (positive vs negative), tumour size (<2 cm vs ≥2 cm), local assessment of 

tumor grade (1, 2, 3), estrogen receptor expression as measured centrally if available or locally 

otherwise (<50% vs ≥50%), and treatment assignment.  

 

DNA extraction 

DNA was extracted from samples, all of which were derived from formalin-fixed, paraffin-

embedded tumour tissue from primary breast cancers. For whole-exome sequencing, matched 

normal DNA was extracted from adjacent normal tissue. Qubit was utilised to quantify 

extracted DNA. Samples required > 200 ng of DNA to proceed with further processing for 

sequencing. 

 

Targeted DNA-sequencing 

We performed targeted DNA-sequencing using a customized hybridisation capture panel 

designed specifically for recurrent breast cancer genes using the Agilent SureSelectXT Target 

Enrichment System.292 DNA from each sample was fragmented using ultrasonification 

(Covaris Inc., USA), and libraries were prepared using the KAPA Hyper Prep Kit (KAPA 

Biosystems, USA). Libraries that passed quality control underwent hybridisation capture with 

custom RNA baits utilising the Bravo automated liquid handling robot (Agilent Technologies, 

Australia). Successfully captured libraries were indexed and pooled, then underwent paired end 

sequencing on the Illumina MiSeq or NextSeq. 
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Samples were required to have a mean coverage of 80X or greater for target regions to be 

eligible for further analysis. Of the 1,509 patient tumour samples that were selected for targeted 

DNA-sequencing, 1,292 (86%) successfully completed targeted sequencing. After further 

exclusions (non-inclusion in the intention-to-treat population [N=3], central HER2-positive on 

second review [N=14], triple negative breast cancer (ER and PgR absent) on central review 

[N=17]), 1,258 (83%) samples were evaluable for the analysis.  

 

Raw paired end reads underwent adapter trimming with cutadapt (v1.7.1).293 The sequencing 

reads were then aligned to the full hg19 genomic assembly using bwa mem (v0.7.13) with 

default settings.294 Sequencing reads with mapping quality < 20 were filtered using SAMtools 

(v1.4.1).295 Duplicate reads were removed using Picard tools (v1.119).296 Indel realignment 

and base recalibration was performed using GATK (v3.8).297 Variant calling of substitutions, 

insertions, and deletions was performed using VarDict (v1.5.1) in single sample mode with 

default settings.298 Variants called by VarDict were then filtered using the filter parameter 

‘PASS’. Further filters were applied based on variant type: single nucleotide variants were 

filtered if they had <5 supporting reads or a total sequencing depth of < 30 reads; insertions 

and deletions were filtered if they had < 10 supporting reads or a total sequencing depth of < 

50 reads. The subsequent variants were then annotated using ANNOVAR (dated 2018-04-

16).299 Variants were further filtered if they were present in 3 or more samples from a pool of 

23 process-matched normals or had a population allele frequency of ≥ 0.001 in the 1000 

Genomes Project (August 2015).300 In order to further reduce false positives, a final filter of 

variants with allele-frequency < 0.05 or variants with supporting reads ≤ 10 was performed. 

Oncogenic status of variants was then annotated using OncoKB (downloaded 23.05.19)301 and 

Cancer Hotspots.302 Variants that were annotated as “Oncogenic” or “Likely Oncogenic” using 
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OncoKB, or were annotated as a cancer hotspot (q value < 0.05) were retained for analysis of 

driver variants.  

 

For copy number analysis, copy number ratios for each tumour sample were attained using 

CNVkit (v0.9.3) with a reference of a pool of 23 process-matched normal, using default 

settings.303 Copy number ratios then underwent winsorization using the R package 

“copynumber”.304 Segmentation was then performed using circular binary segmentation in the 

CNVkit package. Focal gene copy number status was determined based on segmentation 

results. A mean log ratio ≥ 0.8 was considered to be amplified, and a mean log ratio of < -0.8 

was considered to indicate a homozygous deletion. Oncogenic status of the amplifications or 

deletions was annotated using OncoKB (downloaded 23.05.19),301 with only copy number 

alterations annotated as “Oncogenic” or “Likely Oncogenic” retained for analysis of driver 

variants. 

 

Whole-exome sequencing 

We performed targeted whole-exome sequencing using the Agilent SureSelect DNA – 

SureSelect Human All Exon V6 r2 kit. DNA from each sample was fragmented using 

ultrasonification (Covaris Inc., USA), and libraries were prepared using the KAPA Hyper Prep 

Kit (KAPA Biosystems, USA). Libraries that passed quality control underwent hybridisation 

capture using the previously mentioned Agilent whole-exome sequencing kit with the Bravo 

automated liquid handling robot (Agilent Technologies, Australia). Successfully captured 

libraries were indexed and pooled, then underwent paired end sequencing on the Illumina 

MiSeq or NextSeq. 

 



 

 191 

Of the 94 pairs of tumour and normal samples from the case-control subsample that underwent 

whole-exome sequencing, 7 failed to be sequenced due to unsuccessful library preparation or 

capture, and 5 tumour samples were excluded due to inadequate depth of coverage (< 70X for 

target regions) and in which there was no supporting targeted sequencing available. After 

exclusions, 73 (78%) tumour/normal pairs were successfully sequenced, and an additional 9 

(10%) tumour samples were successfully sequenced but without the normal sample (total N=82 

patients). After exclusion of 12 tumour samples that failed sequencing, there were 10 samples 

(6 cases and 4 controls) in which case-control matching was broken. A further matching step 

was performed for the broken case-control tumours, resulting in a total of 37 matched case-

controls (8 case-control groups of 3 samples; 29 case-control groups of 2 samples) 

 

Raw paired end reads underwent adapter trimming with cutadapt (v1.7.1).293 The sequencing 

reads were then aligned to the full hg19 genomic assembly using bwa mem (v0.7.13) with 

default settings.294 Sequencing reads with mapping quality < 20 were filtered using SAMtools 

(v1.4.1).295 Duplicate reads were removed using Picard tools (v1.119).296 Indel realignment 

and base recalibration was performed using GATK (v3.8).297 Variant calling of substitutions, 

insertions, and deletions was performed using Mutect2 (v3.8-0) in tumour-normal mode for 

tumour/normal pairs, and in tumour-only mode for tumours without paired normal samples 

with default settings.305,306 Variants called by Mutect2 were then filtered using the filter 

parameter ‘PASS’. For variants from tumour/normal pairs, further filters were applied based 

on variant type: single nucleotide variants were filtered if they had < 5 supporting reads in the 

tumour or ≥ 5 supporting reads in the normal or a total sequencing depth of < 30 reads; 

insertions and deletions were filtered if they had < 10 supporting reads in the tumour or ≥ 5 

supporting reads in the normal or a total sequencing depth of < 50 reads. For variants from 

tumour samples without paired normal samples, further filters were applied based on variant 
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type: single nucleotide variants were filtered if they had < 5 supporting reads in the tumour or 

a total sequencing depth of < 30 reads; insertions and deletions were filtered if they had < 10 

supporting reads in the tumour or a total sequencing depth of < 50 reads. The subsequent 

variants were then annotated using ANNOVAR (dated 2018-04-16).299 Variants were further 

filtered if they were present in 3 or more samples from a pool of 73 process-matched normals 

or had a population allele frequency of ≥ 0.001 in the 1000 Genomes Project (August 2015).300 

In order to further reduce false positives, a final filter of variants with allele-frequency < 0.05 

or variants with supporting reads ≤ 10 was performed. Oncogenic status of variants was then 

annotated using OncoKB (downloaded 23.05.19)301 and Cancer Hotspots.302 Variants that were 

annotated as “Oncogenic” or “Likely Oncogenic” using OncoKB, or were annotated as a cancer 

hotspot (q value < 0.05) were retained for analysis of driver variants. 

 

For allele-specific copy number analysis of tumour/normal pairs we used the FACETS 

algorithm (v0.5.14) to estimate tumour purity, ploidy, and allele-specific integer copy 

number.307 An initial low-sensitivity run (cval=150) was first used to determine the diploid 

tumour-normal log-ratio value and purity. A second run (cval=100) was then used to infer 

allele-specific copy number data. For allele-specific copy number analysis of unmatched 

tumour samples we used the PureCN algorithm (v1.14.1) with a pool of 73 process-matched 

normals to estimate tumour purity, ploidy, and allele-specific integer copy number.308 Focal 

gene copy number status was determined based on segmentation results. An estimated integer 

copy number ≥ 2*ploidy+1 was considered to represent amplification. An estimated integer 

copy number of 0 was considered to represent homozygous deletion, and an estimated integer 

copy number of 1 was considered to represent loss of heterozygosity. Oncogenic status of the 

amplifications or deletions was annotated using OncoKB (downloaded 23.05.19),301 with only 
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copy number alterations annotated as “Oncogenic” or “Likely Oncogenic” retained for analysis 

of driver variants. 

 

Integrated cluster validation 

Integrated clusters have been defined in previously reported large analyses which define 10 

classifications based on clustering using a combination of copy number and transcriptomic 

profiles from early breast cancers.106,108 Most of these clusters were defined by specific 

characteristic copy number aberrations.183 In the absence of gene expression data from our 

dataset, we sought to validate the prognostic utility of this classification using a simplified 

system based solely on the presence or absence of these characteristic copy number aberrations. 

The following focal gene copy number aberrations were used to classify IntClust groups that 

were prevalent in hormone receptor-positive, HER2-negative early breast cancers. 

- IntClust 1 – amplifications of HSF5, PPM1E, PRR11, DHX40, TUBD1, RPS6KB1, 
CA4, C17orf64, BCAS3, TBX2, BRIP1, TBC1D3P2. 

- IntClust 2 – amplifications of FGF3, CCND1, CTTN, OMP, PAK1, RSF1, NARS2. 
- IntClust 6 – amplifications of ZNF703, EIF4EBP1, LETM2, STAR, FGFR1. 
- IntClust 9 – amplifications of FBXO32, SQLE, LINC00861, PCAT1, MYC, LINC00977, 

MIR5194, ADCY8. 
There were samples that contained characteristic copy number aberrations of more than one 

IntClust group. Such tumours with amplifications in multiple amplicons were classified as 

“multiple amplifications”. Conversely, there were samples that contained none of the 

characteristic copy number aberrations and were classified as “amplification-devoid”. The 

remainder of tumours contained copy number aberrations of only one IntClust group and were 

classified as the respective amplicon and IntClust-like category. 

 

Homologous recombination deficiency 

The presence of homologous recombination deficiency (HRD) was evaluated in all 

tumour/normal samples in the young-age, case-control subsample that had undergone WES 
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(N=73 patients’ samples) using HRDetect modified for WES.117 The whole exome classifier 

model was trained on 640 breast cancer samples that had previously undergone whole genome 

sequencing, but using only coding mutations. This classifier is much more reliant on signature 

3 exposures and number of deletions with microhomology than the whole genome sequencing 

classifier, and thus may have limitations in reliably detecting HRD compared with the whole 

genome sequencing classifier. 

 

Five tumour/normal samples were not evaluable due to low number of mutations. An HRD 

score of > 0.7 was classified as positive, and ≤ 0.7 was classified as negative.  

 

The presence of genetic alterations in HRD-related genes was also evaluated in the combined 

sequencing cohort. This included “Oncogenic” or “Likely Oncogenic” genetic alterations in 

the following HRD-related genes which were obtained from a previously reported clinical trial 

of metastatic breast cancer patients with the use of olaparib:203 

- BRCA1 
- BRCA2 
- PALB2 
- ATM 
- CHEK2 
- BLM 
- BARD1 
- RAD50 
- BRIP1 
- FANCA 

 

TCGA breast cancer dataset 

Publicly available clinical and genomic data from the TCGA-BRCA was used for validation 

purposes.105 Data was downloaded from the Genomics Data Commons Data Portal 

(https://portal.gdc.cancer.gov/). The file “TCGA.BRCA.mutect.995c0111-d90b-4140-bee7-
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3845436c3b42.DR-10.0.somatic.maf.gz” was used for short variants and the file 

“BRCA_focal_score_by_genes.txt” was used for copy number alterations.  

 

BIG 1-98 trial  

Clinical and genomic data from a secondary analysis of the BIG 1-98 clinical trial was used 

for validation purposes and for comparisons between pre-menopausal and post-menopausal 

populations. BIG 1-98 was a randomised, double-blind, phase 3 trial that included only post-

menopausal patients with hormone receptor-positive, operable, invasive early breast 

cancer.19,242,243 Patients were randomized to monotherapy with letrozole, tamoxifen, or a 

sequential endocrine strategy for 5 years. The BIG 1-98 trial is registered with 

ClinicalTrials.gov, number NCT00004205. The secondary analysis included 538 participants 

selected in a case-cohort-like design (case being a distant recurrence), in which the patient’s 

tumours underwent targeted DNA sequencing using Foundation Medicine’s T5-targed panel 

of 287 known cancer genes, and has been previously reported.270 

 

Tumor-infiltrating lymphocytes 

Tumour-infiltrating lymphocyte (TIL) levels have been previously shown to be generally low 

in HR+HER2- early breast cancers.309,310 We therefore selected groups of interest for TIL 

evaluation. Namely, the young-age, case-control subsample, and the samples with ER-

expression of < 50% by immunohistochemistry (the “poor ER-positive subgroup”, as it had 

similar molecular features to triple negative breast cancer, and triple negative early breast 

cancers have been reported to have high levels of TILs).  

 

Quantification of stromal tumour-infiltrating lymphocytes was evaluated from haematoxylin 

and eosin stained sections of tumour samples using our previously published 
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methodologys.311,312 In brief, quantification of tumour-infiltrating lymphocytes in the tumour 

stroma was recorded as a percentage of the occupied stromal areas. A freely available website 

describing the method can be found along with a training tool for tumour-infiltrating 

lymphocyte assessment by pathologists (www.tilsinbreastcancer.org).  

 

Validation of TIL findings was performed using publicly available data from a previously 

reported pan-cancer TCGA analysis using the variable “til_percentage”.285 

 

Statistical analysis 

The full analysis cohort includes all patients with tumour samples that successfully underwent 

DNA sequencing of any type (N=1,276). The young-age, case-control subsample includes only 

patients <45 years that underwent successful whole-exome sequencing of both tumor/normal 

or only tumor (N=82). Luminal-like status was defined using previously published St. Gallen 

consensus guidelines using centrally-determined ER, PR, and Ki-67 expression levels by 

immunohistochemistry as previously reported.248,284  

 

For comparisons between genomic subgroups of patients within the SOFT combined 

sequencing cohort, categorical variables were analysed using the chi-squared tests, and 

continuous variables were analysed using t-tests for normally distributed variables, and the 

Mann-Wilcoxon tests for non-normally distributed variables. Driver alterations were defined 

as present or absent. For comparisons in driver alteration frequency between subgroups of 

patients, P values that were generated were subjected to multiple testing correction using the 

false discovery method. 
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For analysis of time-to-event endpoints, the primary end point was distant recurrence-free 

interval (DRFI), defined as the time from randomization to recurrence at a distant site. In 

patients without a distant recurrence, censoring occurred at the date of last follow-up or death. 

The secondary end point was overall survival (OS), defined as the time from randomization to 

death. Cox proportional hazards regression models were used to analyse for associations with 

time-to-event endpoints. For association of driver alterations with endpoints (Figure 1B), 

patients with the presence of the driver alteration were compared with patients without the 

driver alteration. For association of copy number altered subgroups with endpoints, each copy 

number altered subgroup was compared with patient subgroups that were classified as 

“amplification-devoid” (Supp Table 7, 8). For association with genomic subroupings with 

endpoints, each genomic subgroup was compared with the subgroup with “no poor prognostic 

features” (Fig 4C).  Unless otherwise stated in the text, all Cox models were stratified by nodal 

status and (neo)adjuvant chemotherapy receipt (no chemotherapy; prior chemotherapy and 

lymph node negative; prior chemotherapy and lymph node positive), and adjusted by treatment 

assignment. The Wald test was used for significance, and we deemed a 2-sided value of P < 

0.05 to be significant. Descriptions of 8-year time-to-event estimates were calculated using the 

Kaplan-Meier method. Kaplan Meier curves were generated for visualization purposes. 

 

We tested for significantly different associations of driver alterations with endpoints in very 

young women (< 40 years of age at randomization) compared with young women (≥ 40 years 

of age at randomization). To test for this, we added a product interaction term into a Cox 

proportional hazards regression model. The Wald test was used for significance, and we 

deemed a 2-sided value of Interaction P < 0.05 to be significant. 
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To analyse for association of HRDetect score (positive vs negative) with DRFI in the young-

age, case-control subsample that underwent WES, a conditional logistic regression model was 

used, stratified by the case-control pairing, and adjusted by treatment assignment.  
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Conclusion 

The central concept of Precision Oncology is to undertake additional testing to 

determine specific features of a patient’s malignant disease (or of the patient) that may 

inform treatment decisions.1 The ultimate goal of this is to allow treating clinicians the 

opportunity to deliver the right treatment to the right patient, and improve clinical 

outcomes. Extensive research efforts applying next generation sequencing to hundreds 

of primary and metastatic breast cancer samples has provided detailed descriptions of 

genomic landscapes, and identified unique underlying mutational processes.2-7 Despite 

this, the clinical implications of genomic sequencing and its relevance to the application 

of Precision Oncology-based management approaches remains undefined. 

 

The clinical subtype of hormone receptor-positive, human epidermal growth factor 

receptor 2-negative (HR+HER2-) early breast cancer was selected for this research due 

to some of its unique features. Firstly, while the majority of patients are cured with 

standard therapy, there is well-established prognostic heterogeneity that exists 

including higher risk in very young women,8,9 and higher risk in patients with high 

grade tumours.10 Secondly, late recurrences (occurring after stopping endocrine therapy 

at 5 years) are common and have recently been described even in tumours that are 

initially deemed to have clinically-determined low risk.11  Thirdly, over-treatment is 

increasingly being recognised as major contemporary clinical challenge.12 Fourthly, 

there is currently only limited application of molecularly-directed therapy for this breast 

cancer subtype in the early stage setting. The primary objective of this research was to 

assess the clinical relevance of genomic sequencing in HR+HER2- early breast cancers. 
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We hypothesised that this would help define the molecular biology underlying these 

unique features, and provide therapeutic targets for future clinical trial research.  

 

We found no major differences in the frequency of genomic driver alterations between 

postmenopausal women compared with premenopausal women, however cross-

comparison of the BIG-198 study with the SOFT study should be interpreted with 

caution. Small differences in frequency were noted (for example in PIK3CA, TP53, and 

CDH1) however differences in patient selection in each of the studies is likely to have 

resulted in this. Similar to other reports, PIK3CA mutations were the most commonly 

identified driver alterations (43 – 49%), followed by smaller frequencies of mutations 

in well described breast cancer driver genes including TP53, GATA3, MAP3K1, CDH1, 

PTEN, and BRCA2.2,4 Key copy number amplifications (eg. CCND1, FGFR1, MYC, 

PPM1D) in recurrent amplicons (11q13, 8p12, 17q23, 8q24) were also frequent and 

taken together, were present in almost a third of samples.3,13  In SOFT, the most striking 

difference in genomic alteration frequencies was noted with young age (< 40 years at 

randomisation), suggesting age as a more relevant biological variable than menopausal 

status. Young women harboured significantly higher frequencies of high-risk features 

including genomic features of homologous recombination deficiency (HRD), high-risk 

co-amplified PIK3CA mutations, copy number-amplification enrichment, as well as a 

low estrogen receptor expressing subtype with immune infiltration. Conversely, young 

women had significantly less frequent occurrence of favourable prognosis features such 

as copy number-devoid tumours, and tumours with PIK3CA mutations without co-

existing copy number-amplification. We believe these findings explain, at least in part, 

the previously reported poor prognosis in young women with HR+HER2- early breast 

cancer,8,9 and highlights potential drug targets.  
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Interestingly, a recently published report that investigated age-related protein and 

transcript expression in cancers identified breast cancer as harbouring the greatest 

proportion of the transcriptome that correlated with age, and that this may be driven 

predominantly by differences in age-related estrogen signalling as evidenced by a high 

representation of ER binding site-associated genes and a dominant effect in ER-positive 

breast cancer subtypes.14 This includes chromatin modifiers such as EZH2 and 

H3K27me3 which were both strongly age dependent (EZH2 with an age-related decline, 

and H3K27me3 with an age-related increase). These findings again highlight significant 

age-related biological differences in HR+HER2- breast cancers at the molecular level. 

Taken together with our findings, future research into early onset HR+HER2- early 

breast cancer and endocrine therapy responsiveness should consider the cross-section 

of the genome, transcriptome, and ER-expression. 

 

Although there is a great deal of diversity in genomic alterations amongst HR+HER2- 

early breast cancers, there are some common themes. On one end of the spectrum are 

favourable prognosis tumours that are typically copy number-amplification devoid, and 

have high frequencies of PIK3CA mutations, and MAP3K1 mutations. These tumours 

have low levels of genomic instability, are associated with a low tumour grade and ki-

67 level, and are probably akin to the previously described luminal A gene expression 

subtype.15 Concordant with this, in the BIG 1-98 study, we found PIK3CA mutations 

to be associated with a greater magnitude of benefit from aromatase inhibitor therapy 

compared with tamoxifen therapy, suggesting these tumours have a greater dependency 

on estrogen receptor signalling, and thus higher sensitivity to more potent anti-estrogen 

therapy. On the other end of the spectrum are high-risk tumours that are enriched with 
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recurrent copy number-amplifications, and TP53 mutations. These tumours have high 

levels of genomic instability, and are associated with high tumour grade and ki-67 level, 

and are enriched in young women as previously discussed. Whether tumours that fall 

on each end of this spectrum originate from entirely different cells of origin remains 

unknown. Alternatively, the co-existence of many of these alterations in some tumours 

suggests that de-differentiation as a result of acquisition of high-risk genomic 

alterations that provide a proliferative selective advantage is a plausible alternative 

hypothesis. 

 

Late disease recurrence is a well-known phenomenon associated with HR+HER2- early 

breast cancers.11 Unfortunately, the elevated risk of recurrence can even persist for 

decades after definitive treatment. Clinically based scores have been developed to aid 

prediction of risk for late recurrence, however refinement of these risk predictions are 

needed.16 In the BIG 1-98 study, we found PIK3CA mutations to be associated with 

very low risk of late disease recurrence, and BRCA2 mutations and FGFR1 

amplifications to be associated with higher risk of late disease recurrence. Previously 

reported data has suggested a number of copy number-amplified subgroups (IntClust 1 

[17q23], 2 [11q13], 6 [8p12], 9 [8q24]) are associated with higher risk of late disease 

recurrence.13 Although our data supports this (particularly with FGFR1 amplifications 

[8p12]), the presence of these copy number-amplifications appeared to have a greater 

influence on early disease recurrence (within 5 years of randomisation) in our datasets. 

It should be noted that a potential limitation to evaluating associations of genomic 

alterations with late recurrence events may be that less patients may have survived to 

the late disease setting, reducing the power to detect statistical significance. This may 

explain some of the discordance between the lack of association with late disease 
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recurrence with 11q13 amplification in our dataset compared with others. Regardless, 

these findings suggest that copy number-amplified disease is associated with a 

generally high risk of relapse. Moreover, this risk can persist beyond the standard 5 

years of adjuvant endocrine therapy duration. Integration of clinical and molecular 

variables should be considered for future research into prediction of late disease 

recurrence, potentially as a guide for the use of extended adjuvant endocrine therapy. 

 

The concept of using molecular testing in the clinical management of breast cancer is 

not new, however this has largely focused on gene expression assays.17-19 The role of 

genomic assays in breast cancer remains undefined. For other indications however, 

genomic assays have been shown to be increasingly feasible, available, and affordable 

resulting in recent approvals in some healthcare systems as a standalone test, and as a 

companion diagnostic.20,21 A distinct advantage to genomic sequencing is that it can 

provide a readout that is generally binary (eg. presence or absence of an activating 

hotspot PIK3CA mutation). This is particularly important for driver oncogenes that 

have matched targeted treatment options. Thus, genomic assays are likely to be 

increasingly utilised in the management of breast cancer.  The research impetus is now 

to understand how to best optimise their use. Newer technologies in genomic 

sequencing are also being rapidly assessed, including whole genome sequencing,5 and 

the use of ultra-sensitive circulating tumour DNA analysis.22 

 

There are limitations to this research encompassed in this thesis. All samples that 

underwent sequencing were formalin-fixed, and paraffin-embedded which is known to 

have its challenges, particularly due to sequencing artefacts.23 Despite this, targeted 

sequencing panels with the use of custom filtering and annotation are designed to 
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overcome this challenge. Subsequent studies have shown detection of oncogenic 

genomic variants with high levels of sensitivity and specificity.20 While the use of 

targeted panels performs well for short-variants, it does have considerable limitations 

for sensitivity in the detection of focal and moderately-sized copy number deletions. 

As such, a number of commonly deleted cancer genes including MTAP, CDKN2A, 

PPP2R2A, and MAP2K4 may have been under-detected, however these are arguably 

not currently therapeutically targetable. Additionally, it is possible that the application 

of HRDetect on formalin-fixed, and paraffin-embedded samples may be over-

representing specific signatures (for example, signature 3) due to sequencing artefact. 

It should be noted that HRDetect has previously been applied to formalin-fixed, 

paraffin-embedded samples with success using whole genome sequencing data.24 As 

such, it would be crucial to validate these results using whole genome sequencing, 

preferably on freshly obtained, non-formalin-fixed tumour tissue in a prospective study. 

 

As another limitation, this research does not identify which of the genes in affected 

amplicons are the exact functional culprit that is drives tumourigenesis and cancer 

proliferation. Indeed, the majority of the identified amplicons are wide and include 

multiple genes. Research that incorporates gene expression parameters, or functional 

studies will be required to resolve the distinct underlying biological mechanisms 

underpinning these frequently occurring amplicons. Finally, an additional limitation to 

this research is that all genomic sequencing was performed retrospectively and thus 

cannot provide direct prospective evidence for the use of genomic sequencing in the 

clinic. This was an acknowledged limitation of this research. The key objective was to 

investigate for important prognostic and predictive genomic biomarkers that can be 

used to inform the design of prospective research in the future. 
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Figure 5.1 provides a summary of a possible approach to investigating the incorporation 

of genomic testing into clinical management of HR+HER2- early breast cancer in the 

future. While genomic features can be highly prognostic, it should be acknowledged 

that standard clinicopathologic variables used for prognostication are still very 

powerful tools and thus, should be used in conjunction with genomic features for risk 

stratification. Importantly, clinical trials in HR+HER2- breast cancer are already 

starting to stratify based on high or low risk of recurrence (generally using 

clinicopathological variables) due to the known prognostic heterogeneity within this 

subtype. More accurate prognostic stratification with the addition of genomic variables 

will further aid in removal of unwanted heterogeneity, and allow for smaller, more cost-

effective clinical trials. Finally, we believe it is important to investigate the use of 

molecularly targeted agents in the early breast cancer setting, especially if the proposed 

predictive biomarker is associated with poor prognosis. Several novel targeted agents 

have demonstrated significant clinical efficacy in the advanced breast cancer setting,25-

29 and there is theoretically a greater magnitude of benefit to be gained in the early 

breast cancer setting where cure is a possibility. An example of a study design that is 

currently under development is shown in figure 5.2, and involves targeting homologous 

recombination deficiency enrichment in young women with HR+HER2- early breast 

cancer. 

 

Looking to the future, it is becoming increasingly possible to incorporate molecular 

assays that include both DNA-based and RNA-based testing. While most retrospective 

biomarker studies have focused on the application of either genomic or gene expression 

assays, a possible solution may be to incorporate both assays together to provide even 
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more precise prognostic stratification. Thus, a research project using a nanostring-based 

gene expression assay is planned using the SOFT clinical trial samples with matching 

genomic data. 

 

To conclude, this research establishes the clinical relevance of genomic sequencing in 

HR+HER2- early breast cancer, and provides valuable insights for the future 

development of genomically-based clinical trials. This paves the way to establishing a 

role for genomic sequencing in the clinical management of HR+HER2- early breast 

cancer. 
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Figure 5.1. Incorporating genomic testing into clinical research for HR+HER2- 

early breast cancer 

A schema showing a possible approach to using genomic testing in clinical research 

for HR+HER2- early breast cancer. Examples of relevant prognostic features and 

treatment strategies are in red. 
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Figure 5.2. Example study design investigating targeting homologous recombination deficiency enrichment in young women with 

HR+HER2- early breast cancer 
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eTable 2.Characteristics of the Entire Eligible BIG 1-98 Cohort and of the Analysis Population 

 
 

Characteristics of the entire eligible BIG 1-98 cohort and of the analysis population, which was based on 
selection of all patients experiencing a distant recurrence and a stratified random sampling of the patients’ not 
experiencing recurrence, for whom DNA was assessable. Unweighted (as sampled) and weighted (to correct 
for over-sampling of recurrences) percentages of the analysis population are provided. Luminal-like status 
was determined using the published St. Gallen 2013 consensus. Abbreviations: IQR, interquartile range. 

 Case-Cohort Analysis Population Eligible Cohort 

 
N 

Unweighted 

% 

Weighted 

% N % 

N patients 538 100 100 7329 100 

Age at randomization, median (IQR) 61 (56-68) 60 (55-67) 61 (56-67) 

Tumor size >2cm 235 44 36 2629 36 

Lymph node-positive 249 46 63 4360 59 

Tumor grade 

2 0 -- 165 2    Unknown 

   1 74 14 21 1638 22 

   2 293 54 57 4124 56 

   3 169 31 22 1402 19 

Luminal A/B-like status 

151 28 39 2446 33    A-like 

   B-like 374 70 50 3108 42 

   Unknown 13 2 11 1775 24 

Adjuvant chemotherapy 196 36 26 1716 23 

Treatment assignment and randomization 
option (2- or 4-group randomization)   

 
  

   Tamoxifen (2-group randomization) 55 10 7 820 11 

   Letrozole (2-group randomization) 39 7 10 832 11 

   Tamoxifen 108 20 21 1422 19 

   Letrozole 96 18 21 1403 19 

   Tamoxifen -> Letrozole 125 23 22 1446 20 

   Letrozole -> Tamoxifen 115 21 19 1406 19 

Distant recurrences after 8.1 years median 
follow-up 140 26 10 841 11 
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eTable 3.Somatic Driver Alterations and Weighted Frequencies 

Short variants Copy number alterations 

Gene Variant type Weighted proportion 
(%) Gene Cytoband Variant type Weighted proportion (%) 

PIK3CA short variant 48.8 CCND1 11q13 amplification 17.2 
TP53 short variant 15.3 FGF19 11q13 amplification 14.7 

MAP3K1 short variant 14 FGF3 11q13 amplification 14.3 
GATA3 short variant 12.2 FGF4 11q13 amplification 13.5 
CDH1 short variant 12.2 MYC 8q24 amplification 11.3 

PTPN11 short variant 6.5 ZNF703 8p11 amplification 9.3 
MAP2K4 short variant 5.5 FGFR1 8p11 amplification 8.7 

SPEN short variant 5.2 EMSY 11q13 amplification 7.4 
PTEN short variant 4.8 KAT6A 8p11 amplification 5.1 
TBX3 short variant 4.2 ERBB2 17q12 amplification 4.8 

CDKN1B short variant 4.1 GNAS 20q13 amplification 4.1 
AKT1 short variant 4.1 ZNF217 20q13 amplification 4 

ARID1A short variant 3.8 PRSS8 16p11 amplification 2.5 
GNAS short variant 3.7 AURKA 20q13 amplification 2.4 

RUNX1 short variant 3.2 ARFRP1 20q13 amplification 2.2 
ATM short variant 3.2 MAP2K4 17p12 loss 2.1 

PBRM1 short variant 3 AKT3 1q44 amplification 2 
NCOR1 short variant 2.9 MDM4 1q32 amplification 1.9 
ABL1 short variant 2.6 IKBKE 1q32 amplification 1.9 

BRCA2 short variant 2.3 PTEN 10q23 loss 1.8 
ERBB2 short variant 2.1 MDM2 12q15 amplification 1.7 
SF3B1 short variant 2 BCL2L2 14q11 amplification 1.7 
SETD2 short variant 1.9 IGF1R 15q26 amplification 1.6 

MUTYH short variant 1.6 MCL1 1q21 amplification 1.5 
NF1 short variant 1.4 SRC 20q11 amplification 1.1 

NOTCH1 short variant 1.2 RPTOR 17q25 amplification 1.1 
PIK3R1 short variant 1         
ATRX short variant 1         
RB1 short variant 1         

BARD1 short variant 1         
 
List of all driver alterations with weighted frequency of one percent or greater 
  



 

 240 

eTable 4.Association With Clinicopathologic Characteristics 

  Age Tumor size Nodal status Tumor grade Ki-67 (%) 

  
< 65 
years 
(67%) 

≥65 
years 
(32%)  

P value ≤2 cm 
(64%)  

>2 cm 
(36%) P value Negative 

(63%) 
Positive 
(37%) P value G1 

(21%) 
G2 

(57%) 
G3 

(22%) P value P value 

PIK3CA short variants 49% 47% 0.70 48% 49% 0.78 51% 45% 0.26 67% 48% 33% <0.001* 0.002* 
GATA3 short variants 11% 14% 0.31 12% 12% 0.90 11% 14% 0.33 8% 13% 15% 0.28 0.17 
TP53 short variants 16% 13% 0.38 14% 17% 0.42 15% 16% 0.59 <1% 10% 41% <0.001* < 0.001* 
CDH1 short variants 11% 15% 0.36 10% 17% 0.04* 14% 9% 0.18 2% 18% 6% <0.001* 0.10 

MAP3K1 short variants 14% 14% 0.9 18% 7% 0.002* 13% 16% 0.38 25% 12% 9% 0.02* 0.010* 
PTPN11 short variants 7% 6% 0.85 8% 3% 0.03* 7% 5% 0.46 12% 4% 8% 0.10 0.85 
PTEN short variants 4% 7% 0.13 6% 3% 0.25 4% 7% 0.24 2% 7% 2% 0.02* 0.019* 
SPEN short variants 6% 3% 0.02* 1% 12% <0.001* 6% 3% 0.01* 17% 2% 3% <0.001* 0.09 

MAP2K4 short variants 8% 1% <0.001* 7% 3% 0.07 7% 3% 0.01* <1% 7% 6% 0.007* 0.87 
ZNF217 amplification 4% 4% 0.97 4% 3% 0.54 4% 4% 0.93 0% 4% 8% 0.02* 0.07 
GNAS amplification 4% 5% 0.36 4% 4% 0.04 4% 4% 0.87 0% 4% 9% 0.006* 0.08 
EMSY amplification 7% 8% 0.87 7% 8% 0.90 8% 6% 0.28 2% 7% 13% 0.02* 0.003* 
MYC amplification 10% 13% 0.40 11% 13% 0.49 9% 15% 0.06 3% 9% 26% <0.001* 0.001* 

CCND1 amplification 16% 19% 0.56 18% 16% 0.60 16% 19% 0.52 10% 14% 30% 0.03* 0.001* 
FGFR1 amplification 8% 10% 0.49 8% 11% 0.30 8% 11% 0.24 2% 7% 19% <0.001* < 0.001* 
KAT6A amplification 4% 7% 0.25 6% 4% 0.42 4% 7% 0.13 <1% 5% 9% 0.003* 0.007* 
ZNF703 amplification 9% 11% 0.41 8% 11% 0.33 8% 12% 0.18 2% 7% 22% <0.001* < 0.001* 
FGF4 amplification 14% 13% 0.83 14% 13% 0.80 13% 14% 0.7 9% 11% 24% 0.07 0.001* 
FGF3 amplification 14% 15% 0.92 15% 14% 0.79 13% 16% 0.48 9% 12% 25% 0.08 0.001* 
FGF19 amplification 15% 15% 0.99 15% 15% 0.89 13% 18% 0.23 9% 13% 26% 0.07 < 0.001* 
ERBB2 amplification 5% 5% 0.83 4% 6% 0.50 4% 5% 0.62 0% 4% 12% <0.001* 0.01* 

 
Associations with driver alterations present in five percent or greater weighted cohort frequency are shown. The numbers displayed are weighted proportions 
with the exception of N, which is the absolute number of patients per subgroup, and P values. All P values are calculated using weighted Chi-squared tests 
with the exception of centrally assessed Ki-67 which is analysed as a continuous variable using a weighted t-test.  * P value < 0.05.  
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eTable 5.Pairwise Analysis – q Values 

  
PI

K
3C

A
(m

) 

G
A

TA
3(

m
)  

TP
53

(m
) 

C
D

H
1 (

m
) 

M
A

P3
K

1(
m

) 

PT
PN

11
(m

) 

PT
E

N
(m

) 

SP
E

N
(m

) 

M
A

P2
K

4(
m

) 

ZN
F

21
7(

A
) 

G
N

A
S(

A
) 

E
M

SY
(A

) 

M
YC

(A
) 

C
C

N
D

1(
A

) 

F
G

F
R

1(
A

) 

K
A

T6
A

(A
) 

ZN
F

70
3(

A
) 

F
G

F
4(

A
) 

F
G

F
3(

A
) 

F
G

F
19

(A
) 

E
R

B
B

2(
A

) 

A
K

T1
(m

) 

E
R

B
B

2 (
m

) 

PIK3CA(m)   0.171 0.786 0.806 0.081 0.069 0.167 0.995 1 0.828 0.529 1 0.008 0.077 0.5 0.152 0.209 0.12 0.138 0.036 0.034 0.002 0.856 
GATA3(m) 0.171   0.064 0.343 0.068 0.786 1 0.543 1 0.524 0.572 0.423 1 0.825 0.524 0.373 0.786 1 0.736 0.856 1 0.824 0.932 
TP53(m) 0.786 0.064   0 0.002 0.903 0.856 0.5 0.319 0.001 0.076 0.645 0.004 0.856 0.007 0.811 0.006 0.828 0.83 1 0.033 1 0.806 
CDH1(m) 0.806 0.343 0   0.308 0.307 0.975 1     0.524 0.518 0.068 1 0.822 0.308 0.929 0.796 0.796 0.856 0.387 1 0.739 

MAP3K1(m) 0.081 0.068 0.002 0.308   0.987 1 1     0.524 0.373 1 0.171 0.088 1 0.051 0.218 0.13 0.097 0.387 0.97 0.932 
PTPN11(m) 0.069 0.786 0.903 0.307 0.987   1 0.585 0.283 1 0.934 0.975 1 0.338 0.987   0.987 0.18 0.212 0.307 1     
PTEN(m) 0.167 1 0.856 0.975 1 1   0.835 0.856 1 1 0.934 0.736 0.856 0.662 1 0.83 0.987 0.856 1 1   0.828 
SPEN(m) 0.995 0.543 0.5 1 1 0.585 0.835     0.828 0.496 1 0.796 0.97 1 1 0.932 1 1 1 1 0.796   

MAP2K4(m) 1 1 0.319     0.283 0.856           1 0.5 0.751 1 0.786 0.796 0.645 0.645 0.222 0.806   
ZNF217(A) 0.828 0.524 0.001     1 1 0.828     0 0.18 0.087 1 0.08 1 0.116 0.736 0.582 0.987 0.069 0.584   
GNAS(A) 0.529 0.572 0.076 0.524 0.524 0.934 1 0.496   0   0.233 0.007 0.373 1   0.726 0.756 0.856 0.222 0.033 0.649   
EMSY(A) 1 0.423 0.645 0.518 0.373 0.975 0.934 1   0.18 0.233   1 0 0.034 0.097 0.036 0 0 0 1 1 1 
MYC(A) 0.008 1 0.004 0.068 1 1 0.736 0.796 1 0.087 0.007 1   0.387 0.034 0.006 0 0.796 0.736 0.529 0   0.932 

CCND1(A) 0.077 0.825 0.856 1 0.171 0.338 0.856 0.97 0.5 1 0.373 0 0.387   0.097 0.19 0.068 0 0 0 0.529 0.856 0.645 
FGFR1(A) 0.5 0.524 0.007 0.822 0.088 0.987 0.662 1 0.751 0.08 1 0.034 0.034 0.097   0 0 0.088 0.071 0.058 0.222 0.796   
KAT6A(A) 0.152 0.373 0.811 0.308 1   1 1 1 1   0.097 0.006 0.19 0   0 0.379 0.298 0.319 0.796 0.726   
ZNF703(A) 0.209 0.786 0.006 0.929 0.051 0.987 0.83 0.932 0.786 0.116 0.726 0.036 0 0.068 0 0   0.053 0.042 0.034 0.281 0.802   
FGF4(A) 0.12 1 0.828 0.796 0.218 0.18 0.987 1 0.796 0.736 0.756 0 0.796 0 0.088 0.379 0.053     0 0.222 1 0.796 
FGF3(A) 0.138 0.736 0.83 0.796 0.13 0.212 0.856 1 0.645 0.582 0.856 0 0.736 0 0.071 0.298 0.042     0 0.248 1 0.796 
FGF19(A) 0.036 0.856 1 0.856 0.097 0.307 1 1 0.645 0.987 0.222 0 0.529 0 0.058 0.319 0.034 0 0   0.373 0.987 0.796 
ERBB2(A) 0.034 1 0.033 0.387 0.387 1 1 1 0.222 0.069 0.033 1 0 0.529 0.222 0.796 0.281 0.222 0.248 0.373     0.856 
AKT1(m) 0.002 0.824 1 1 0.97     0.796 0.806 0.584 0.649 1   0.856 0.796   0.802 1 1 0.987       

ERBB2(m) 0.856 0.932 0.806 0.739 0.932   0.828         1 0.932 0.645       0.796 0.796 0.796 0.856     

 

Fisher's exact test between somatic alteration pairs was applied to alterations with a weighted population frequency of five percent or greater, in addition to breast cancer 
alterations of interest (ERBB2 and AKT1 mutations). False discovery rate adjusted p values (q val) are shown. Abbreviations: m, mutation; A, amplification. 
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eTable 6. Prognostic Associations by Affected PIK3CA Protein Domain 

 

 
The “kinase and helical domain mutations” subgroup refers to tumors harbouring both kinase and helical 
domain PIK3CA mutations. Numbers for this analysis include patients randomized to monotherapy and 
sequential endocrine treatment arms. Prognostic association is calculated from weighted univariate Cox 
Proportional Hazard models stratified by treatment arm and is mutational status versus wild type. 
Abbreviations: HR, hazard ratio; 95% CI, 95% confidence interval.  
  

PIK3CA mutation 
status Number Weighted 

proportion 
Prognostic association 

HR (95% CI) p-value 

Kinase domain 
mutation 103 19% 0.57 (0.33 – 1.00) 0.17 

Helical domain 
mutation 103 20% 0.63 (0.38 – 1.04) 

 

Kinase and helical 
domain mutation 9 1% 0.48 (0.06 – 3.87) 

 

Other domain 
mutation 33 8% 0.44 (0.18 – 1.07) 

 

Wild type 290 51%   
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eTable 7. Predictive Associations by Affected PIK3CA Protein Domain 

 
 

 
 
Treatment associations by affected individual PIK3CA protein domains and in combined analysis.  
Numbers for this analysis include only patients randomized to monotherapy treatment arms. Letrozole 
versus tamoxifen calculations are from weighted Cox Proportional Hazard models using letrozole and 
tamoxifen monotherapy arms only. P values are a test of interaction between monotherapy treatment 
and mutation status. The Kinase and/or helical domain mutation–negative group combines wild type 
and other domain mutation subgroups. Abbreviations: HR, hazard ratio; 95% CI, 95% confidence 
interval. 
  

Analysis by individual protein domains 

PIK3CA mutation 
status Number Weighted 

proportion 

Letrozole versus 
tamoxifen 

HR (95% CI) 

Interaction P 
value 

Kinase domain 
mutation 45 16% 0.32 (0.05 – 1.88) 0.01 

Helical domain 
mutation 63 22% 0.13 (0.04 – 0.44)  

Kinase and helical 
domain mutation 6 2% 1.03 (0.12 – 9.14)  

Other domain 
mutation 20 10% 8.56 (0.75 – 97.7)  

Wild type 164 50% 0.94 (0.46 – 1.90)  

Analysis by combined kinase and/or helical protein domain 

Kinase and/or helical 
domain mutation-

positive 
114 40% 0.18 (0.06 – 0.50) 0.002 

Kinase and/or helical 
domain mutation-

negative 
184 60% 1.26 (0.65 – 2.45)  
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eTable 8. Predictive Associations by Affected PIK3CA Mutation Hotspot 

 

 
 
Treatment associations by affected PIK3CA mutation hotspot and in combined analysis of frequent 
mutation hotspots.  Tumors were categorized into specific hotspot mutation subgroups if only one 
hotspot mutation was present. If more than one hotspot was present the tumor was categorized into the 
“>1 hotspot per tumor” subgroup. Numbers for this analysis include only patients randomized to 
monotherapy treatment arms. Letrozole versus tamoxifen calculations are from weighted Cox 
Proportional Hazard models using letrozole and tamoxifen monotherapy arms only. Interaction P values 
are a test of interaction between monotherapy treatment and mutation status. Exploratory Cox analysis 
of letrozole vs tamoxifen for the combination of infrequent hotspot mutations (N345+C420+Q546+>1 
hotspot per tumor) was underpowered and is not shown (HR 4.5; 95%CI 0.40 – 51.36). Abbreviations: 
HR, hazard ratio; 95% CI, 95% confidence interval. 
 
  

Analysis by affected PIK3CA mutation hotspot 

PIK3CA 
mutation 
hotspot 

Functional 
domain Number Weighted 

proportion 

Letrozole versus 
tamoxifen 

HR (95% CI) 

Interaction 
P value 

N345 C2 10 7% Insufficient numbers  

C420 C2 3 <1% Insufficient numbers  

E542 helical 25 6% 0.26 (0.05 – 1.35)  

E545 helical 34 15% 0.06 (<0.01 – 0.80)  

Q546 helical 4 <1% Insufficient numbers  

H1047 kinase 43 14% 0.30 (0.05 – 1.82)  

Non-hotspot 
mutation  8 3% Insufficient numbers  

>1 hotspot per 
tumor  7 3% Insufficient numbers  

Wild type  164 50% 0.86 (0.41 – 1.80)  

Analysis by combinations of common PIK3CA mutation hotspots 

E542, E545, 
H1047 

mutation-
positive 

 102 36% 0.17 (0.05 – 0.59) 0.009 

E542, E545, 
H1047 

mutation-
negative 

 196 64% 1.13 (0.53 – 2.41)  
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eTable 9. Treatment Interaction With PIK3CA Mutation Status in a Multivariate Cox Proportional Hazards 
Model 

 

 

  HR (95% CI) P value 
Age (<65 vs ≥65 years) 1.37 (0.74 – 2.53) 0.31 
Tumor size (≤ 2 cm vs > 2 cm) 1.54 (0.81 – 2.90) 0.19 
Nodal status (positive vs negative) 2.80 (1.43 – 5.48) < 0.01 
Ki-67 level (%) (continuous) 1.03 (1.01 - 1.05) < 0.01 
   
Letrozole vs tamoxifen:  0.03* 
PIK3CA mutation status  
     helical and/or kinase mutation 
      Wild type or other mutation 

 
0.27 (0.09 – 0.77) 
1.15 (0.55-2.41) 

 

 

Weighted multivariate Cox proportional hazard analysis for distant recurrence-free interval with treatment interaction. 
All patients in the analysis cohort are included in the model. Ki-67 level was analysed as a continuous variable. Only 
patients treated with tamoxifen or letrozole monotherapy were included for treatment analyses. * Test for interaction 
between monotherapy treatment and PIK3CA mutation status. Abbreviations: HR, hazard ratio; 95% CI, 95% 
confidence interval. 

  



 

 246 

 

eFigure 1. Coexistent Alterations in Tumors With a PIK3CA Mutation 

 

 

 

Weighted proportion of co-existent driver alterations in tumors that harbour a PIK3CA mutation. 
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eFigure 2. PIK3CA Mutations and Affected Protein Domains 

      

 

Panel A shows the distribution of PIK3CA mutations by affected protein domain. Count is the number of patients with 
a mutation at the corresponding amino acid position. Panel B shows the weighted proportions by affected protein 
domain, out of the whole cohort. As described in the methods, PIK3CA mutations were annotated as kinase domain 
mutation, helical domain mutation, or other mutation if it did not affect either the kinase or helical domain.  
Abbreviations: ABD, adaptor-binding domain; RBD, Ras-binding domain.  
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eFigure 3. Coalterations by Affected PIK3CA Protein Domain 

 

         

 

11q13 amplifications include CCND1, EMSY, FGF3, FGF4, FGF19; 8p11 amplifications include FGFR1, ZNF703, KAT6A; 20q13 amplifications include GNAS, 
ZNF217. 
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eFigure 4. Coalteration Frequencies by PIK3CA Genotype 

 

 

Weighted frequencies of co-existing driver alterations by PIK3CA genotype in A (PIK3CA wild type versus PIK3CA mutated) and B (PIK3CA kinase/helical domain mutation-
negative vs positive). * P value of < 0.05 in weighted Chi-squared tests.  
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eFigure 5. Associations With Ki-67 (%) Levels 

 

Panel A shows the association of driver alterations with centrally-assessed ki-67 
level (%). All displayed boxplots of mutation versus wild type or amplification 
versus non-amplification are statistically significant (P value < 0.05 by weighted t-
test) as shown in Table SR3. Panel B demonstrates the diversity in centrally assessed 
ki-67 levels (%) based on the presence or absence of co-existent driver alterations in 
tumors that harbour a PIK3CA mutation. Focal gene amplifications on chromosomes 
11q13 and 8p11 are described in the text. * P value < 0.05 by weighted t-test versus 
subgroup of patients with tumors that harbour a PIK3CA mutation and no-
coalteration (“None”). 
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eFigure 6. Association of Pathological Characteristics by Affected PIK3CA Protein Domain 

                                                 

Boxplots demonstrating estrogen receptor expression (Panel A), progesterone receptor expression (Panel B), and centrally assessed ki-67 (Panel C) by affected PIK3CA 
protein domain or wild type. The PIK3CA Kinase and helical domain group refers to patients with both a kinase and helical domain mutation. There were no statistically 
significance differences between the shown groups using a Kruskal-Wallis test with a P value of < 0.05 for significance, with the exception of the P value shown. 
Abbreviations: ER, estrogen receptor; PR, progesterone receptor. 
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eFigure 7. Pairwise Analysis 

Fisher’s exact test between somatic alteration pairs was 
applied to alterations with a weighted population frequency 
of 5% or greater, in addition to breast cancer alterations of 
interest (ERBB2 and AKT1 mutations), generating odds 
ratios and p-values. Only log-odds with a false discovery 
rate of < 0.2 are displayed. Log-odds are capped (2, if >2; -
2 if < -2) and shown by color with green indicating an 
association with co-existence, and red indicating an 
association with mutual exclusivity.  
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eFigure 8. Prognostic Association of Frequent Amplicons With DRFI 

          

 

 

Weighted cumulative incidence curves are shown for the distant recurrence (%) by 11q13 (CCND1, EMSY, FGF3, FGF4, FGF19) amplification status 
(Panel A) and by 8p11 (FGFR1, KAT6A, ZNF703) amplification status (Panel B). Hazard ratio, 95% confidence intervals and P values attained using 
weighted Cox Proportional Hazard models stratified by treatment arm. Abbreviations: HR, hazard ratio; 95% CI, 95% confidence interval. 
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eFigure 9. STEPP Analysis by PIK3CA Mutation Status 

 

 

 

Panels A and B demonstrate the STEPP analysis of the effect of treatment with letrozole or tamoxifen on the weighted proportion of patients who are distant-
recurrence free at 5 years according to overlapping subpopulations defined by median Ki-67 levels (%) by PIK3CA mutation status. Abbreviations: STEPP, 
Subpopulation Treatment Effect Pattern. 
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Supplementary Methods 

Supplementary Figure 1 – Patient selection for DNA-sequencing 

       
 
Supplementary Figure 1 – Patient selection for DNA-sequencing. *Analyzed were 437 (538-88-13) patients 
free from distant recurrence and in follow-up at 5 years from randomization Abbreviations: ER, estrogen 
receptor. 
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Supplementary Methods 1 

 
Patient selection 
Patients were excluded from this analysis if: 

- The tumor was ER-absent or HER2-positive on central pathology assessment 
- They received neoadjuvant endocrine therapy or chemotherapy 
- Follow-up was less than 3 months 

 
Sampling 
A case-cohort-like sampling design was used on the basis of 2706 eligible patients for whom DNA was banked 
and assessable. This included all patients with a distant recurrence and a stratified random sampling of those 
without distant recurrence. The following strata were used: 

- Randomization option (2 groups vs 4 groups) 
- Treatment assignment 
- Nodal status (positive vs negative) 
- Luminal A-like or luminal B-like status (as per St Gallen consensus 2013) 

 
Weighted analysis methods were used to correct for oversampling of distant recurrences. Based upon those 
538 with successful sequencing, sampling weights for analysis were calculated for 72 classes, defined by the 
presence or absence of distant recurrence and the 36 strata, as the inverse of the sampling fractions relative to 
those 7329 eligible for this study (N eligible / N successfully sequenced, within each stratum). 
 
 
Power calculation 
In the design stage, it was estimated that with 350 distant recurrence events in the eligible cohort, and a 
sampling fraction of 0.10, there would be an 80% power to detect hazard ratios (with distant recurrence-free 
interval) of 1.5 for a genetic alteration of 20% prevalence, and a hazard ratio of 2.0 for a genetic alteration of 
5% prevalence, with a nominal alpha = 0.05. 
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Supplementary Table 1 - DNA sequencing target gene panel 

 
ABL1 CARD11 DAXX FGF4 JAK2 MYCL1 PIK3CA SMAD4 
AKT1 CASP8 DDR2 FGF6 JAK3 MYCN PIK3CG SMARCA4 

AKT2 CBFB DIS3 FGF7 JUN MYD88 PIK3R1 SMARCB1 

AKT3 CBL DNMT3A FGFR1 KDM5A MYST3 PIK3R2 SMARCD1 

ALK CCND1 DOT1L FGFR2 KDM5C NBN PMS2 SMO 
ALOX12B CCND2 EGFR FGFR3 KDM6A NCOR1 PNRC1 SOCS1 

APC CCND3 EMSY FGFR4 KDR NF1 PPP2R1A SOX10 

APCDD1 CCNE1 EP300 FLT1 KEAP1 NF2 PRDM1 SOX2 

AR CD79A EPHA3 FLT3 KIT NFE2L2 PRKAR1A SPEN 
ARAF CD79B EPHA5 FLT4 KLHL6 NFKBIA PRKDC SPOP 

ARFRP1 CDC73 EPHB1 FOXL2 KRAS NKX2-1 PRSS8 SRC 

ARID1A CDH1 ERBB2 GATA1 LMO1 NOTCH1 PTCH1 STAG2 

ARID2 CDK12 ERBB3 GATA2 LRP1B NOTCH2 PTEN STAT4 
ASXL1 CDK4 ERBB4 GATA3 MAP2K1 NOTCH3 PTPN11 STK11 

ATM CDK6 ERG GNA11 MAP2K2 NOTCH4 RAD50 SUFU 

ATR CDK8 ESR1 GNA13 MAP2K4 NPM1 RAD51 SYK 

ATRX CDKN1B EZH2 GNAQ MAP3K1 NRAS RAD51B TBX3 
AURKA CDKN2A FAM123B GNAS MAP3K13 NSD1 RAD51C TET2 

AURKB CDKN2B FAM46C GPR124 MCL1 NTRK1 RAD51D TGFBR2 

AXL CDKN2C FANCA GRIN2A MDM2 NTRK2 RAD52 TIPARP 

BACH1 CEBPA FANCC GSK3B MDM4 NTRK3 RAD54L TNFAIP3 
BAP1 CHEK1 FANCD2 HGF MED12 NUP93 RAF1 TNFRSF14 

BARD1 CHEK2 FANCE HLA-A MEF2B PAK3 RARA TOP1 

BCL2 CHUK FANCF HRAS MEN1 PAK7 RB1 TP53 

BCL2L2 CIC FANCG IDH1 MET PALB2 REL TRRAP 
BCL6 CRBN FANCI IDH2 MITF PARP1 RET TSC1 

BCOR CREBBP FANCL IGF1 MLH1 PARP2 RICTOR TSC2 

BCORL1 CRKL FANCM IGF1R MLL PARP3 RNF43 TSHR 

BLM CRLF2 FAT3 IGF2 MLL2 PARP4 RPA1 VHL 
BRAF CSF1R FBXW7 IKBKE MPL PAX5 RPTOR WISP3 

BRCA1 CTCF FGF10 IKZF1 MRE11A PBRM1 RUNX1 WT1 

BRCA2 CTNNA1 FGF12 IL7R MSH2 PDGFRA RUNX1T1 XPO1 

BRIP1 CTNNB1 FGF14 INHBA MSH6 PDGFRB SETD2 XRCC3 
BTG1 CUL4A FGF19 IRF4 MTOR PDK1 SF3B1 ZNF217 

BTK CUL4B FGF23 IRS2 MUTYH PIK3C2G SH2B3 ZNF703 

C17orf39 CYP17A1 FGF3 JAK1 MYC PIK3C3 SMAD2   
 
Supplementary Table 1 – DNA sequencing target gene panel. Target genes in the Foundation 
Medicine T5a DNA sequencing panel are shown. MYST3 has been renamed KAT6A. (Frampton et al. 
Nat Biotechnol 2013) 
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Supplementary Results 

 

Supplementary Table 2 - Patient characteristics 

 
 

  Patients selected for DNA 
sequencing 

BIG 1-98 eligible 
cohort 

  N Unweighted 
% 

Weighted 
% N % 

N patients 538 100 100 7329 100 
Age at randomization, median (IQR)  61 (56-68) 60 (55-67)  61 (56-67) 
Tumor size > 2 cm 235 44 36 2629 36 
Node positive 249 46 63 4360 59 
Tumour grade           
   Grade 1 74 14 21 1638 22 
   Grade 2 293 54 57 4124 56 
   Grade 3 169 31 22 1402 19 
Luminal A/B-like status           

   A-like 151 28 39 2446 33 
   B-like 374 70 50 3108 42 
   Unknown 13 2 11 1775 24 
Received adjuvant chemotherapy 196 36 26 1716 23 
Treatment assignment and 
randomization option (2- or 4-group 
randomization) 

          

   Tamoxifen monotherapy (2-group 
randomization) 55 10 7 820 11 

   Letrozole monotherapy (2-group 
randomization) 39 7 10 832 11 

   Tamoxifen monotherapy 108 20 21 1422 19 
   Letrozole monotherapy 96 18 21 1403 19 
   Tamoxifen - Letrozole 125 23 22 1446 20 
   Letrozole - Tamoxifen 115 21 19 1406 19 
Distant recurrences after 8.1 years 
median follow-up 140 26 10 841 11 

 
 
Supplementary Table 2 – Patient characteristics. The analysis population and the entire eligible BIG 1-98 
cohort characteristics are shown. All patients experiencing a distant recurrence were selected alongside a 
stratified random sampling of all patients’ not experiencing recurrence, and in which DNA was assessable. 
Luminal-like status was determined using the St. Gallen 2013 consensus. Abbreviations: IQR, interquartile 
range.
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Supplementary Figure 2 – Weighted proportions of driver alterations in BIG 1-98 

 

                            
 
Supplementary Figure 2 – Bar plot demonstrating weighted frequency of driver alterations. 
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Supplementary Figure 3 - Probability of distant recurrence by driver alteration status 

 

  
 
 
 
Supplementary Figure 3 - Weighted cumulative incidence curves for distant recurrence shown according to 
driver alteration status.  
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Supplementary Table 3 - Prognostic associations of PIK3CA mutations based on affected functional domain 

 
 

  

  Univariate analysis Multivariate analysis 

N 
Weighted 

proportion 
(%) 

Early 
events 

Late 
events 

Early distant 
recurrence 

Late distant 
recurrence 

Early distant 
recurrence 

late distant 
recurrence 

HR  
(95% CI)  

vs wild 
type 

P 

HR  
(95% CI)  

vs wild 
type 

P 

HR  
(95% CI)  

vs wild 
type 

P 

HR  
(95% CI)  

vs wild 
type 

P 

Helical domain 
PIK3CA 
mutation 

99 19.4 15 10 0.64 
(0.31–1.31) 0.223 0.67 

(0.26-1.76) 0.419 0.67 
(0.33-1.35) 0.265 0.98 

(0.40-2.40) 0.960 

Kinase domain 
PIK3CA 
mutation 

89 16.0 16 5 0.76 
(0.39-1.46) 0.410 0.18 

(0.06-0.55) 0.003 0.96 
(0.51-1.82) 0.903 0.22 

(0.07-0.68) 0.009 

Other domain 
PIK3CA 
mutation 

33 8.4 4 3 0.39 
(0.10-1.55) 0.180 0.41 

(0.09-2.01) 0.274 0.72 
(0.22-2.39) 0.588 0.77 

(0.17-3.49) 0.731 

Multiple domain 
PIK3CA 

mutations 
27 5.0 4 1  0.93 

(0.29-2.92) 0.896  0.18 
(0.02-1.41) 0.101 0.88 

(0.29-2.67) 0.824 0.19 
(0.02-1.56) 0.123 

PIK3CA 
wild type 

290 51.2 49 33         

 
Supplementary Table 3 – Prognostic association of PIK3CA mutations based affected functional domain. Abbreviations: HR, hazard ratio; 
95% CI, 95% confidence interval. 
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Appendix 3 
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