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Abstract

Title: Identification of PI3K/AKT pathway related gene mutations in triple-negative breast

cancer and their association with response to PI3K inhibitors
Name: Grace Colley

Triple-negative breast cancer (TNBC) is the most aggressive breast cancer subtype,
characterised by high recurrence rates, poor prognosis, and limited targeted therapies due to
absence of hormone receptors and HER2 expression. Although TNBC frequently harbours
TP53 and PI3K pathway alterations, their combined functional impact as an integrated

molecular phenotype remains underexplored.

This thesis defines a TP53-PI3K pathway-activated (7P53-PI3K*®") subgroup characterised by
co-occurring 7P53 mutation and PI3K pathway activation (P/K3CA mutation, AK7/ mutation,
or PTEN loss). Using METABRIC and TCGA TNBC cohorts, integrated genomic and
transcriptomic analyses assessed prevalence, survival, and molecular features. Proteomic
analyses were also incorporated to refine pathway activity signatures and improve subgroup
stratification across cohorts. 7P53-PI3K**' tumours showed significantly poorer survival
independent of clinical covariates and TNBC subtype, with enrichment of PI3K/AKT
signalling, metabolic reprogramming, inflammatory signalling, and BL2/LAR transcriptional

programmes.

Functional studies in TNBC cell lines demonstrated resistance to PI3K inhibitor alpelisib in
TP53/PIK3CA co-mutant cells, which was overcome by dual PI3K and RTK inhibition, leading
to synergistic anti-proliferative and pro-apoptotic effects. This combination more effectively
suppressed PI3K/AKT signalling and downstream effectors, including 4E-BP1. In isogenic
MCF10A models, TP53 missense variants showed allele-specific effects on alpelisib response,
with DNA-contact mutants more sensitive than structural mutants. Introduction of PIK3CA-
H1047R reduced alpelisib sensitivity across 7P53 backgrounds, while combination therapy

enhanced efficacy with context-dependent synergy.

Overall, TP53-PI3K*** defines a convergent oncogenic state characterised by signalling and
metabolic reprogramming and poor outcomes, representing a distinct and targetable TNBC
subset. In this context, dual PI3K and RTK inhibition may overcome adaptive resistance,

although therapeutic response is strongly influenced by 7P53 variant class and PI3K pathway
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genotype. These findings support integration of 7P53 and PI3K pathway status into future
clinical stratification and trial design, and highlight the need for genotype-informed

combination strategies to overcome heterogeneous therapeutic resistance in TNBC.
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1. Introduction



1.1 Introduction

Cancer is characterised by the uncontrolled proliferation of cells in the body, with over 200

distinct types of the disease distinguished based on the tissue or organ of origin (1,2).

Breast cancer (BC) is the most commonly diagnosed form of cancer (3) and the second leading

cause of cancer-related deaths in women, as reported by the American Cancer Society (4).

In Ireland, it is the most common invasive cancer in women (excluding non-melanoma skin
cancer), comprising 29.8% of cases with 3,587 annual diagnoses (2020-2022 average), an age-
standardised incidence rate of 157.1 per 100,000, and a lifetime risk of 1 in 7. It ranks second
for cancer deaths in Irish women (16.7% of invasive cancer deaths), with 753 annual deaths
(2020-2022 average) at a mortality rate of 35.1 per 100,000, though 5-year net survival reached
85.1% for 2009-2018 diagnoses (5).

Its global and national prevalence imposes a substantial burden on healthcare systems —
encompassing direct costs (e.g. treatments), resource demands (e.g. beds, staff time), and
indirect costs (e.g. productivity losses) — as well as broader impacts (e.g. out-of-pocket
expenses, travel, family strain). In Ireland, for instance, travel for treatments claimed 35% of
Irish Cancer Society grants in 2006 (€150,167 of €429,511). These burdens underscore the
need for early detection and targeted therapies to curb cancer growth and alleviate

clinical/socioeconomic impacts (6,7).

BC refers to a collection of distinct malignancies that primarily originate in the glandular
epithelial tissue of the breast, i.e. the ductal and lobular epithelial cells, though some cases may
arise in other breast tissues, such as the nipple or surrounding stromal tissue (8). This form of
cancer can develop in different regions of the breast, with specific subtypes denoted based on
their invasiveness with regards to the primary tumour site (9). Primary BC tumours are
commonly removed via surgical resection, however, spreading of the disease, i.e.
dissemination or metastasis, occurs in 20-30% of BC patients and is the leading cause of
mortality across all types of cancer (10,11). Advanced-stage BC diagnoses, where the disease
has spread to lymph nodes or distant organs (e.g. brain, liver), are often associated with more
aggressive subtypes, leading to reduced treatment efficacy (12). Early diagnosis of BC is thus

imperative to ensure better patient prognoses and higher survival rates (13).

With rapid advances in molecular biology, along with progress made in improved methods of

screening, diagnosis, and treatment, the mortality rate of BC has fallen annually since 1989



(14). However, the pace of mortality decline has slowed in the past decade, potentially
reflecting increased rates of incidence and decreases in mammography uptake (15). In addition
to this, specific subtypes of BC are particularly difficult to therapeutically target (16) and many
patients are unresponsive or acquire resistance following exposure to treatment. Further
investigation is imperative to understand these mechanisms of resistance to effectively treat all

BC subtypes (17).

1.1. Cancer development and progression

1.1.1. Hallmarks of cancer

Human cells, including those in breast tissue, can acquire diverse functional alterations that
drive abnormal tissue growth, contributing significantly to the development and progression of
cancer. In 2000, Hanahan and Weinberg proposed six characteristics as the hallmarks of cancer
(18), which have since been updated and refined (19) and currently embody eight established
hallmarks and two enabling attributes as demonstrated in Figure 1-1(a) and described in Table
1-1. Additional prospective hallmarks and characteristics have also been described (Figure 1-

1(b); Table 1-1) but require further validation (20).
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Figure 1-1: The Hallmarks and Enabling Characteristics of Cancer. (a) established hallmarks and
enabling characteristics of cancer. (b) Emerging hallmarks and enabling characteristics of cancer.
Schematic recreated by the author, adapted from Hanahan et al. (2022) for illustrative purposes (20).



Table 1-1: Hallmarks and enabling characteristics of cancer. Brief descriptions of the eight established hallmarks of cancer and two enabling characteristics
of cancer mechanisms (indicated in green), as well as the four potential emerging hallmarks and enabling characteristics (indicated in red) (20).

Hallmark

Description

Sustaining Proliferative Signalling

Cancer cells grow and divide uncontrollably due to altered signalling pathways (21).

Evading Growth Suppressors

Cancer cells bypass growth-inhibiting signals via dysregulation of tumour suppressors like tumour protein 53

(p53), phosphatase and tensin homolog (PTEN), and retinoblastoma protein (Rb) (22).

Avoiding Immune Destruction

Tumours evade the immune system, including via immune checkpoint pathways such as programmed death

protein 1 (PD-1) and the PD-1 ligand (PD-L1) (23).

Enabling Replicative Immortality

Cancer cells maintain telomere length through telomerase, avoiding senescence (24,25).

Tumour-Promoting Inflammation

Chronic inflammation in the tumour microenvironment supports growth and progression (26,27).

Activating Invasion and Metastasis

Cancer cells gain mobility and invade surrounding tissues via epithelial-mesenchymal transition (EMT) (28).

Inducing or Accessing Vasculature

Tumours promote new blood vessel formation (angiogenesis) to support growth and metastasis (29).

Genome Instability and Mutation

DNA damage and chromosomal abnormalities increase tumour heterogeneity and therapy resistance (30,31).

Resisting Cell Death

Cancer cells evade apoptosis and other forms of regulated cell death (32-34).

Deregulating Cellular Metabolism

Altered metabolism supports energy demands of rapidly proliferating cells (35).

Unlocking Phenotypic Plasticity

Cells shift between different states, enhancing heterogeneity and therapy evasion (36).

Non-Mutational Epigenetic

Reprogramming

Epigenetic changes affect gene expression without altering DNA sequence, influencing growth and differentiation
(37).

Polymorphic Microbiomes

Microbial diversity in the tumour microenvironment can modulate cancer progression and therapy response (38).

Senescent Cells

Senescent cells contribute to proliferation, invasion, angiogenesis, and immune suppression through senescence-

associated secretory phenotype (SASP) factors (39).

Note: For detailed descriptions and examples, see Hanahan et al., 2022 (20).




1.2. Breast cancer

BC arises predominantly from the epithelial tissue of the breast and is characterised by
uncontrolled cell growth and proliferation, primarily within the glandular and stromal tissue
(40-42). The glandular tissue of the mammary gland comprises of branching ducts and
secretory lobules, responsible for the production and passage of milk (43), while the stromal
elements include the breast’s adipose and connective tissues (44). Lymphatic tissue is also
present in the breast, functioning to both maintain tissue-fluid balance via waste removal and
traffic cells for immune response (45). Various types of tumours can arise within the breast,
however, the majority are benign, non-cancerous alterations such as fibrocystic changes, cysts,

and connective tissue scarring (46).

BC can be broadly defined as being invasive or non-invasive. Non-invasive BC refers to a
cancer that has not spread beyond the lobules or ducts to the surrounding breast tissue. These
types of BC are known as “in situ” forms of cancer, as they remain in their origin of
development (47,48). Lobular carcinoma in situ (LCIS), accounting for just ~3% of cases,
describes BC that begins in the lobules. It is considered a risk factor for invasive disease rather
than a precursor as only 7-12% of patients with LCIS develop invasive BC (49). Ductal
carcinoma in situ (DCIS) refers to BC that develops in the breast ducts, representing 20-25%

of all BCs, with an estimated 20-50% of cases progressing to invasive disease (50).

When in situ carcinoma — most commonly DCIS — breaches the ductal or lobular basement
membrane and invades the surrounding breast tissue and stroma, it is classified as invasive BC
(IBC) (51). The two main histological types of IBC are invasive ductal carcinoma (IDC) and
invasive lobular carcinoma (ILC) (52), named according to their cells of origin. IDC is
considerably more prevalent, accounting for ~80% of invasive cases, while ILC represents
around 10% (53). In some instances, invasive cancer cells can further disseminate beyond the
breast and regional lymph nodes through the circulatory or lymphatic systems. This stage is
referred to as metastatic BC (MBC), in which cancer cells establish secondary tumours at
distant sites — most commonly in the bones, brain, liver, and lungs — in a non-random process
termed metastasis organotropism (54). Despite occurring in different organs, secondary breast
tumours generally retain many molecular and histopathological characteristics of the primary
tumour, although organ-specific adaptations and additional mutations can lead to partial

divergence (55). Figure 1-2 illustrates in situ and invasive breast carcinomas.
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Figure 1-2: Breast anatomy and major histological subtypes of BC. Created with Biorender.com.

1.2.1. Breast cancer epidemiology

BC is consistently among the most commonly diagnosed cancers, alongside lung, prostate, and
colorectal cancers (56). Estimates of BC cases and deaths in 2020 were acquired from the
GLOBOCAN database . A large variation in incidence rates exists across countries and regions
of the world with the highest BC incidence rates of greater than 80 per 100,000 observed in
Australia/New Zealand, Western Europe, North America, and Northern Europe and the lowest
rates of less than 40 per 100,000 observed in Central America, Eastern and Middle Africa, and
South-Central Asia. Despite the disparity in incidence rates, there was less geographical
variation in mortality, however it was observed that countries undergoing socioeconomic
transition bear a disproportionate share of BC deaths; with the highest mortality rates of greater

than 20 per 100,000 found in Melanesia, Western Africa, and Micronesia/Polynesia (3).

Kim et al. analysed global patterns and trends in BC and projected that, if current rates of
diagnosis and mortality continue, there will be 3.2 million new cases and 1.1 million BC-related
deaths annually by 2050. These burdens are expected to disproportionately affect countries
with low human development index (HDI) (57,58).



This elevated mortality in low-HDI countries is further compounded by barriers to preventive
screening, such as mammography. A systematic literature review carried out by Vieira et al. in
2017 indicated that BC mammography screening reduces mortality and should be performed
on a large scale in women between 50 and 69-74 years of age. It was found that mammograms
are not regularly performed in developing countries due to public healthcare system limitations,

such as health service accessibility and cost of tests (59).
1.2.2. Aetiology and risk factors

A wide variety of non-genetic and genetic, demographic, intrinsic, and extrinsic risk factors
have been identified in relation to BC development and the various subtypes of the disease.
Identification of these factors have led to improvements in preventative measures, as well as
the development of more targeted therapies for different BC subtypes. Table 1-2 describes

some of the most well-known risk factors associated with the development of BC (60).



Table 1-2: Risk factors of BC. Brief description of the "controllable” (indicated in green) and “uncontrollable” (indicated in red) risk factors associated with

BC development (60-77).

Risk Factor Associated Risk

Controllable

Weight Being overweight increases BC risk, particularly post-menopause, through higher estrogen levels (61).

Diet High intake of processed foods and saturated/trans fats increases risk; fruit, vegetables, and omega-3 fatty acids are protective
(62).

Exercise Reduced physical activity is linked to increased BC risk, mainly in post-menopausal women (63).

Alcohol Higher consumption elevates BC risk partly by increasing endogenous estrogens (64).

Smoking Risk rises with both duration and intensity of smoking (65).

Estrogen Exposure

Prolonged exposure to endogenous or exogenous estrogens increases BC risk (66).

Oral Contraception

Slightly increases BC risk with long-term use; risk returns to baseline a few years after stopping (67,68).

Uncontrollable
Age BC risk increases with age (69).
Gender Women are at much higher risk; <1% of cases occur in men (70,71).

Familial/Genetic History

BC 1/2 (BRCA1/2) mutations and other genetic variants increase BC risk; prior BC diagnosis also raises risk (72,73).

Race White women are more likely to be diagnosed with BC, but Black women have greater risk of mortality. The incidence of
triple-negative BC (TNBC) in Black women is twice of that in White women (78).
Radiation Therapy Childhood exposure to chest radiation increases later BC risk (75).

Breast Cellular Alterations

Conditions like atypical hyperplasia increase BC risk (76).

Estrogen Exposure

Early onset menstruation, late menopause, absence of childbearing, and environmental estrogen exposure (77).




1.2.3. Molecular subtypes of breast cancer

As discussed in Section 1.3., the two most common forms of invasive BC are IDC and ILC,
classified as histological subtypes because they are defined by tissue or cellular architecture
under the microscope (79). While histological subtyping offers valuable insights into BCs,
molecular classification is generally considered more informative for personalised treatment,

as it reflects the tumour’s genetic profile (80).

Immunohistochemical (IHC) staining of specific molecular markers using antibodies is the
primary clinical method of BC molecular subtype diagnosis. The expression of the hormone
receptors (HRs) for estrogen and progesterone (ER and PR), the human epidermal growth
factor (GF) receptor 2 (HER2), and the Ki67 proliferation marker proteins indicate the specific
subtype (81).

Gene expression analyses have facilitated further molecular subtype classification with the
messenger ribonucleic acid (mRNA) expression of 50 genes (i.e. the prediction analysis of
microarray 50 (PAMS50) signature) defining five main intrinsic subtypes of BC (82). PAMS50
offers a more refined molecular classification and can identify BC subtypes that may be missed
by IHC markers. This molecular information can help inform clinical decisions, such as
selecting patients for targeted therapies or risk-adapted treatment strategies. However, its
higher cost and limited accessibility compared with IHC currently restrict its routine use in

standard clinical practice (83).

Knowledge of the different molecular subtypes of BC have allowed for the development of
various treatment options and is crucial for patient stratification for these treatments (81). The
main molecular subtypes of BC are luminal A, luminal B (HER2-positive or HER2-negative),
HER2-overexpressing/positive, and triple-negative or basal (84,85). Table 1-3 summarises
their key characteristics and clinical outcomes. Improvements in gene expression profiling
methods have also led to the identification of less common BC subtypes, namely Claudin-low,

Interferon-rich, and Molecular Apocrine (82).



Table 1-3. Characteristics of the Main Molecular Subtypes of BC.

HR | HER2 | Ki67 Outcome Prevalence** S-year

Survival***
Luminal A + - - Good 70% 95.5%
Luminal B + + or - + Intermediate 9% 94.1%
HER2-Overexpressing - + NA Poor* 4% 89.3%
Triple-Negative/Basal - - NA Poor 11% 83.1%

*HER2-overexpressing subtype is traditionally associated with a poor outcome, however, developments
in targeted therapeutics are improving prognoses (86).

**Prevalence measured in invasive female BCs from the SEER database in the United States between
2018 and 2022. Rates are per 100,000 patients and are age-adjusted to the 2000 US population (87).
***5-year survival based on BC-specific survival (BCSS) rate measured in 321,958 females with
operable invasive BC from the SEER database (88).

The luminal A subtype is characterised by an ER-positive (ER+), typically PR-positive (PR+)
(though some cases are PR-negative (PR-), which is linked to a less favourable prognosis (89—
91)), and HER2-negative (HER2-) status, as determined by IHC staining. This subtype is also
negative for Ki67, a marker for tumour cell growth and proliferation (84). Luminal A BC is
associated with a better prognosis than other subtypes with therapeutically targetable HR

expression (92).

Despite having the same HR status, luminal B differs from luminal A based on Ki67 and, in
some cases, HER2 expression, and has a poorer outcomes partly due to decreased sensitivity
to endocrine therapy (93). The luminal B subtype can be subdivided into HER2+ and HER2-
categories, with the former traditionally associated with a worse outcome, however patient

prognoses are improving with advances in HER2-targeting therapies (94).

The development of HER2-targeted therapeutics, such as trastuzumab, represented a major
advance in the treatment of the HER2-overexpressing subtype. This subtype lacks HR
expression and is characterised by aggressive tumour behaviour and historically poor

prognosis; however, targeted therapies have significantly improved clinical outcomes (95).

The triple-negative or basal subtype of BC lacks HR expression and does not demonstrate
HER2 overexpression or gene amplification. Consequently, it lacks the conventional
therapeutic targets used in endocrine and HER2-amplified disease, and treatment has
historically relied primarily on chemotherapy, contributing to its therapeutic complexity.
TNBC accounts for roughly 10-15% of all BC subtypes and has the worst prognosis, with lower

rates of survival and increased risk of recurrence (96).
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According to the American Cancer Society’s 2024 BC Facts & Figures report, Black women
have a lower overall BC incidence but a 38% higher mortality rate compared to other
racial/ethnic groups. This disparity is largely attributable to the 2-fold higher prevalence of the
aggressive TNBC subtype in Black women (~19% vs. 9-11% in others) (97).

1.3. Triple-negative breast cancer

TNBC represents a heterogeneous subtype of BC, characterised by its aggressive nature and
variable treatment responses. Lacking ER, PR, and HER2 expression, it is insensitive to
endocrine and HER2-targeted therapies (98). It is commonly observed in women with a
mutated BRCAI gene, although BRCA1/2 germline mutations only occur in approximately 10-
20% of TNBC cases, and is characterised as an aggressive form of BC with diverse treatment

response (99-101).

TNBC exhibits shorter survival times than other BC subtypes due to its high mortality and
recurrence rates (97). It is also highly invasive, with distant metastasis occurring in an
estimated 46% of patients (98). Recognised for its limited response to targeted therapies, TNBC

necessitates further biomarker validation to enhance treatment outcomes (102).
1.3.1. TNBC subtypes and heterogeneity

Despite the classification of TNBC as a single intrinsic subtype of BC, molecular profiling of
the disease has uncovered a significantly high level of heterogeneity and genetic complexity
(103). In 2011, Lehmann et al. identified six genomic subtypes of TNBC based on gene
expression analysis, which are depicted in Figure 1-3; basal-like 1 (BL1), basal-like 2 (BL2),
immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like (MSL), and luminal
androgen receptor (LAR) groups. An additional subtype which encompassed samples that
could not be definitively classified due to low correlations and overlapping features with

multiple subtypes was identified. They were designated as unstable (UNS) (104).

11



Lehmann Subtypes
12% 16%

25%

=BLl =BL2 =IM =M =MSL =LAR =UNS

Figure 1-3: Lehmann intrinsic subtype distributions. Distribution of Lehmann subtypes adapted
from the Santonja et al. study of a TNBC cohort (n=125) (105).

The BL subtypes (BL1 and BL2) are characterised by high proliferation and GF signalling,
with cellular myelocytomatosis (c-MYC) amplification, epidermal GF receptor (EGFR)
activation, and PI3K/AKT pathway upregulation often due to PTEN loss (98) in a wide range
of cases depending on different studies (e.g. 17-44% (106,107)).

The BL1 subtype is dominated by cell cycle and DNA damage response genes, with c-MYC
amplification and BRCA1/2 mutations driving sensitivity to poly (adenosine diphosphate
(ADP)-ribose) polymerase (PARP) inhibitors (e.g. olaparib) and cisplatin. Whereas, the BL2
subtype emphasises GF pathways (EGFR, MET proto-oncogene (MET), nerve growth factor
(NGF)) and glycolysis-related gene expression, with less reliance on DNA repair defects,
leading to poorer response to DNA-damaging agents but potential responsiveness to specific

targeted pathway and GF inhibitors (108).

The IM subtype is defined by immune signalling, including TNF-a, interferon, and PD-1/PD-
L1 pathways, driven by tumour infiltrating lymphocytes (TILs). The immune-rich profile of
IM tumours make it the most immunotherapy-responsive TNBC subtype, such as the PD-L1-
targeted pembrolizumab drug (98).

The M subtype features EMT driven by Src, PI3K/AKT, and transforming GF beta 1 (TGF-p)
signalling, promoting invasiveness and sensitising these tumours to PI3K/mammalian target of
rapamycin (mTOR) inhibitors (e.g. everolimus) and Src inhibitors (e.g. dasatinib), but

resistance is common due to the activation of alternative signalling pathways (107,109,110).
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MSL mirrors the M subtype’s EMT and GF signalling, but also expresses stemness-related
pathways like Wnt and angiogenesis. MSL also responds to PI3K/mTOR and Src inhibitors
but is less responsive to chemotherapy due to stromal interactions and low proliferation rates

(98).

The LAR subtype is driven by androgen receptor (AR) signalling, with low activity of EGFR,
Sre, c-MYC, or immune pathways, significantly distinguishing it from other TNBC subtypes.
LAR tumours respond to AR antagonists (e.g. bicalutamide), but show limited sensitivity to
chemotherapy (108). Moreover, enrichment of phosphatidylinositol 3-kinase (PIK3CA)
mutations in LAR tumours sensitise this subtype to PI3K/AKT inhibition (111).

Table 1-4 is adapted from a review by Sporikova ef al. and summarises the characteristics of
TNBC subtypes, detailing their primary signalling pathways, key biomarkers, chemotherapy
sensitivity, and potential targeted therapies (108).
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Table 1-4: Characteristics of TNBC Subtypes (16,98,108,112—-117).

Subtype Signalling Pathways Primary Biomarkers Sensitivity to Chemotherapy Potential Targeted Therapy
BL1 Cell cycle BRCAI1/2, MYC, NRAS, Ki- High sensitivity PARP inhibitors
Cell division 67 (most sensitive subtype)
DNA damage response
BL2 GF signalling EGFR, EPHA4, EPHB?2, Low sensitivity PARP inhibitors
(EGFR, MET, NGF) PDGFRA, PDGFRB, GF inhibitors (e.g. MET)
Glycolysis RORI, MET, TP53
Glucogenesis
M Immune signalling TILs, PD-L1, JAK1/2, Moderate sensitivity Immune checkpoint inhibitors
(T cell, NK cell, TNF) STATI1/3, IRF1/7, TNF (e.g. PD-L1)
Cytokine signalling
M EMT WNT, TGF-p, ALK, MYC, Moderate sensitivity TK inhibitors
(PI3K/AKT/mTOR, Src inhibitors
TGF-B, Src) PI3K/AKT/mTOR inhibitors
Cell motility GF inhibitors (e.g. EGFR)
Cell differentiation
GF signalling
(EGFR, PDGF, ERK 1/2)
MSL EMT EGFR, PDGFR, ERK1/2 Moderate sensitivity TK inhibitors
Cell motility VEGFR2 Src inhibitors
GF signalling PI3K/AKT/mTOR inhibitors
Angiogenesis Anti-angiogenic therapies (e.g.
Low proliferation anti-VEGF)
LAR AR signalling AR, FOXAI, KRTI8, XBPI, Low sensitivity AR inhibitors
PI3K/AKT/mTOR pathway PIK3CA (least sensitive subtype) PI3K inhibitors

Abbreviations: PDGF = platelet-derived GF; ERK1/2 = extracellular signal-regulated kinase 1 and 2; NRAS = neuroblastoma RAS viral oncogene homolog;
EPHA4 = ephrin type-A receptor 4; EPHB2 = ephrin type-B receptor 2; PDGFRA = PDGEF receptor alpha; PDGFRB = PDGF receptor beta; RORI = receptor
tyrosine kinase-like orphan receptor 1; JAK1/2 = janus kinase 1/2; STAT1/3 = signal transducer and activator of transcription 1/3; IRF'1/7 = interferon
regulatory factor 1; WNT = wingless-related integration site; ALK = anaplastic lymphoma kinase; PDGFR = PDGEF receptor; VEGF = vascular endothelial
growth factor; VEGFR = vascular endothelial growth factor receptor; FOXAI = forkhead box Al; KRT18 = keratin 18; XBPI = x-box binding protein 1; 7K
= tyrosine kinase.
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In 2016, Lehmann et al. revised this classification of TNBC, refining it to just four subtypes
owing to the expression of immune-related genes being attributed to TILs and stromal cell

content rather than the cancer cells (98).

Building on Lehmann’s TNBC classification, Burstein et al. proposed a complementary
refinement based on genomic profiling into four subtypes — basal-like immune-activated
(BLIA), basal-like immune-suppressed (BLIS), LAR, and mesenchymal (MES) — with a focus
on immune stratification within basal-like tumours for improved prognostic and therapeutic
relevance (117). These classifications were validated in a cohort of over 500 Chinese TNBC

cases, confirming their robustness (118).

Additionally, a Fudan University Shanghai Cancer Centre (FUSCC) study analysed
transcriptomic profiles from 165 Chinese TNBC samples to develop the FUSCC classification
system, integrating mRNA and long non-coding RNA (IncRNA) expression profiles to define
four subtypes: IM, LAR, MES, BLIS (119).

This approach, tailored for Asian cohorts with higher LAR prevalence (23%), enhances
molecular characterisation and therapeutic targeting (e.g. PD-1 inhibitors for IM, AR
antagonists for LAR), however, its generalisability is limited by the Chinese-focused sample,

necessitating validation in larger, more diverse populations (116).

While no standardised subtyping method exists for TNBC in clinical practice — where
guidelines prioritise biomarkers like PD-L1 and gBRCA over full molecular profiling — major
transcriptomic classifications (e.g. Lehmann, Burstein) converge on at least four main
subtypes: BLIA, BLIS, LAR, and MES (116). Figure 1-4 provides a synopsis of each Lehmann

and corresponding Burstein subtype according to their specific pathway enrichment.
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Figure 1-4: Lehmann and Burstein intrinsic subtypes of TNBC. Pathways associated with the 6
Lehmann intrinsic subtypes of TNBC and their corresponding Burstein subtypes (112,120).

1.3.2. Established and potential candidate biomarkers in TNBC

Molecular advances have defined distinct TNBC gene expression and mutation profiles,
leading to biomarker-driven targeted therapies. However, few of these therapies have
significantly improved TNBC patient prognosis. Current research on TNBC employs advanced
techniques to identify robust prognostic and predictive biomarkers. These approaches, detailed
in Table 1-5, enable comprehensive multi-omic profiling to uncover subtype-specific
molecular signatures and potential therapeutic targets, facilitating personalised treatment

strategies (121).
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Table 1-5: Biomarker Discovery Approaches (122-151).

Approach Techniques / Analyses Identify / Predict / Monitor Example Biomarker

Genomic WGS; WES; Targeted gene panels; CGH Mutations; CNVs; SVs TP53 mutation

Transcriptomic RNA-seq; Microarray analysis; Single-cell RNA-seq Gene expression dysregulation (e.g. HORMADI overexpression
pathway dysregulation)

Proteomic MS; RPPA; IHC Overexpressed/activated proteins EGFR overexpression

Epigenomic DNA methylation arrays; ChIP-seq; ATAC-seq DNA methylation and histone BRCAI promoter
modification changes. hypermethylation

Functional Genomics

CRISPR-Cas9 screens
RNAIi (shRNA/siRNA) screens
OREF expression libraries

Essential genes; Synthetic lethal
interactions

PARPI dependency

Metabolics and
Lipidomics

NMR spectroscopy; MS-based metabolite profiling

Altered metabolism; Metabolic
vulnerabilities

Glutathione levels

Immunoprofiling

Flow cytometry; CyTOF; Immune gene signatures
(RNA-seq); Multiplex IHC or spatial transcriptomics

Immunotherapy biomarkers; TME

TILs

Bioinformatics and

Network analysis; ML for biomarker prediction;

Multi-omic biomarkers/therapeutic

PI3K pathway activation

Systems Biology Pathway enrichment; Survival analysis targets; treatment response prediction

Patient-Derived PDX; PDOs; 3D cultures and spheroids Therapeutic response; biomarker Olaparib sensitivity in
Models validation BRCA-mutated PDXs
Liquid Biopsy ctDNA; Exosomes; CTCs MRD; resistance mechanisms; dynamic | Circulating 7P53 mutations

biomarker levels

Abbreviations: WGS = whole genome sequencing; WES = whole exome sequencing; CGH = comparative genomic hybridisation; RNA-seq = RNA-
sequencing; MS = mass spectrometry; RPPA = reverse phase protein array; ChIP-seq = chromatin immunoprecipitation sequencing; ATAC-seq = assay for
transposase-accessible chromatin with high throughput sequencing; CRISPR = clustered regularly interspaced short palindromic repeats; Cas9 = CRISPR-
associated protein 9; RNAi = RNA interference; shRNA = short hairpin RNA; siRNA = small interfering RNA; ORF = open reading frame; NMR = nuclear
magnetic resonance; CyTOF = cytometry by time-of-flight; ML = machine learning; PDX = patient-derived xenografts; PDO = patient-derived organoid,
ctDNA = circulating tumour DNA; CTC = circulating tumour cell; CNV = copy number variation; SV = structural variant; MRD = minimal residual disease;

HORMADI = Hopl, Rev7, Mad2 (HORMA) domain-containing-1.
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1.3.2.1.  Protein expression biomarkers
1.3.2.1.1. Receptor tyrosine kinases

EGFR

EGFR, a transmembrane RTK in the erythroblastic leukaemia viral oncogene (ErbB) family,
drives cell proliferation and migration via PI3K/AKT and mitogen-activated protein kinase
(MAPK) pathways (152). In TNBC, EGFR overexpression or amplification promotes
uncontrolled tumour growth and metastasis, especially in basal-like subtypes (98,153). EGFR
overexpression occurs in at least 50% and up to 78% of TNBC cases and correlates with
reduced overall survival (OS) and higher metastasis risk, indicating poor prognosis (154).
EGFR amplification is a mechanism of protein overexpression and occurs in up to 24% of
TNBCs, while mutations are more rare (155), with many studies reporting no EGFR-activating

mutations (156).

EGFR inhibitors, such as cetuximab and erlotinib, have demonstrated limited efficacy as
monotherapies in EGFR-high TNBC, partly due to intrinsic resistance mechanisms including
activation of alternative growth signalling pathways (e.g. PI3K/AKT, MAPK) and downstream
mutations that bypass EGFR inhibition. No therapies are currently approved by the U.S. Food
and Drug Administration (FDA) specifically for TNBC. Clinical trials are currently exploring
combinations of EGFR inhibitors with other targeted therapies, such as PARP inhibitors, to

overcome resistance (157).
VEGF

VEGF, a key angiogenic protein, stimulates blood vessel formation by promoting endothelial
cell growth and migration. In TNBC, VEGF overexpression drives tumour progression by
enhancing vascular supply, facilitating tumour growth and metastatic spread, and activating
downstream signalling pathways such as PI3K/AKT, RAS/MAPK, and phospholipase C-
gamma (PLC-y) (158,159).

VEGF expression is detected in 30-60% of TNBC cases, with elevated levels linked to
aggressive disease. High VEGF expression is associated with shorter OS and increased
metastatic potential, making it an indicator of poor prognosis (160). VEGF-targeted agents
such as bevacizumab yield limited monotherapy success due to resistance, with no FDA
approvals for TNBC-specific use (161). Clinical trials exploring VEGF-targeted agents
combined with chemotherapy or immune checkpoint inhibitors aim to improve efficacy.

Limited OS benefits and safety concerns regarding side effects have led to the termination of
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some studies, while others demonstrate high overall response rates and improved progression-

free survival (PFS) (162-165).
FGFR

Fibroblast GF receptors (FGFRs), a family of RTKSs, promote cell proliferation, survival, and
angiogenesis via RAS/MAPK, PI3K/AKT, PLC-y, and JAK/STAT pathways (166). In TNBC,
FGFR amplification or overexpression drives tumour growth and metastasis by enhancing

signalling cascades (167).

FGFR amplification, primarily FGFRI and FGFR2, occurs in 10-15% of TNBC cases (168),
while overexpression is reported in 20-30% of tumours (167,169—171). High FGFR expression

or amplification correlates with reduced OS and higher recurrence risk (160,168).

FGFR inhibitors like erdafitinib and lucitanib have demonstrated antitumour activity in FGFR-
altered TNBC as monotherapies, although no specific FGFR inhibitor are currently approved
for this indication (168,172—174). Ongoing pre-clinical studies and clinical trials are exploring
FGFR inhibitors both alone and in combinations with chemotherapy or PI3K/mTOR inhibitors

to overcome resistance (175-177).
HER?2

HER2, an RTK in the ErbB family, promotes cell proliferation and survival through
downstream signalling pathways such as MAPK, PI3K/AKT, Wnt, and JAK/STAT (178). In
TNBC, defined by low HER2 expression, rare ERBB2 (HER2) mutations or low-level

expression drive tumour growth in specific subsets by enhancing signalling (179).

ERBB?2 mutations occur in ~3% of TNBC cases, while low-level overexpression (HER2-low,
1+/2+ IHC score without amplification) is reported in ~34-50% of TNBC tumours (179-182).
HER?2 low-level expression correlates with a favourable prognosis in TNBC, with some studies
reporting improved survival in HER2-low TNBC patients compared to a HER2-null group
(183-186).

While no HER2-targeted therapies have specifically been approved for TNBC, the antibody-
drug conjugate (ADC) Trastuzumab deruxtecan (T-DXd) was approved in January 2025 for
patients with HER2-low or ultralow metastatic BC, which includes TNBC cases with this
HER2 status (187).
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c-Kit

c-Kit, an RTK, promotes cell survival, proliferation, and differentiation through activation of
PI3K/AKT, MAPK/ERK, Src, PLC-y, and JAK/STAT pathways upon binding to its ligand,
stem cell factor (SCF) (188).

c-Kit overexpression varies widely across studies, which may be due to the use of different
antibodies, staining protocols, or scoring, occurring in 15-49% of TNBC cases. While c-Kit
expression alone does not consistently predict patient survival in TNBC, its co-expression with
TP53 mutations in primary tumours is an independent prognostic factor for poorer overall

survival (102,189-191).

c-Kit inhibitors, especially nilotinib, show significant cytotoxic effects in TNBC cell lines,
however their efficacy may depend on co-targeting other kinases. Dasatinib, a multi-kinase
(including c-Kit) inhibitor, demonstrates limited efficacy in unselected TNBC, but may
increase sensitivity to inhibition of other kinase targets, such as c-Met, and chemotherapies,

like paclitaxel (192—-194).

Cytokeratins

Cytokeratins, such as cytokeratin 5/6 (CK5/6), are basal-type intermediate filament proteins
that maintain epithelial cell integrity and are involved in cell differentiation. In TNBC, CK5/6
expression is associated with basal-like features and correlates with EMT and tumour

invasiveness (195-198).

CKJ5/6 expression prevalence in TNBC varies in studies, ranging from ~30% to over 50%, with
higher rates reported in basal-like subtypes (199-202). Expression is generally correlated with
shorter overall survival and poor clinical and pathological response to chemotherapy in TNBC,
indicating poor prognosis (201). While CK5/6 expression is not directly targetable, it serves as

a biomarker identifying the aggressive basal-like BC subtypes (196).
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1.3.2.1.2. Non-receptor tyrosine kinase

AR

AR, a nuclear receptor transcription factor that is activated by binding androgen hormones (e.g.
testosterone and dihydrotestosterone (DHT)), promotes cell proliferation and survival by
regulating gene expression upon binding to androgens (203). In TNBC, AR overexpression
drives tumour growth and metastasis by activating PI3K/AKT and MAPK pathways,
particularly in the LAR subtype (204).

AR expression prevalence in TNBC is highly variable across studies, ranging from ~7-75%,
likely due in part to inconsistent thresholds for positivity, variable testing protocols, and

antibodies, with higher prevalence in LAR TNBCs (205,206).

AR positivity is associated with variable prognosis, often linked to better OS in LAR subtypes
but poorer response to chemotherapy in some cohorts (207-210). AR inhibitors like
enzalutamide and bicalutamide have demonstrated modest clinical benefit in AR-positive

TNBC, supporting further exploration in combination therapies (211,212).

1.3.2.2.  DNA expression biomarkers
BRCA1/2

BRCA1/2, tumour suppressor genes encoding proteins critical for homologous recombination
(HRc) DNA repair, maintain genomic stability by repairing double-strand (ds) DNA breaks
(213). In TNBC, BRCA1/2 mutations — often truncating or frameshift — impair HRc repair,
leading to genomic instability and tumour progression, particularly in basal-like subtypes

(214).

BRCA1/2 mutations occur in 10-20% of TNBC cases, with higher prevalence in hereditary BCs
(i.e. germline mutations) and younger patients (101,215). Somatic BRCAI/2 mutations are
more rare, with one study reporting mutations in 11.6% and 4.5% of TNBC patients,

respectively (216).

In TNBC, BRCA 1/2 mutations do not generally correlate with poorer survival. These mutations
can predict improved response to DNA-damaging chemotherapies (e.g. platinum agents), but
in the absence of targeted therapy, they are also associated with an elevated risk of recurrence

(217,218).
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PARP inhibitors, such as olaparib and talazoparib, exploit synthetic lethality in BRCA1/2-
mutated TNBC, particularly in 7P53 co-mutated cases, with FDA approvals for patients
harbouring germline BRCA1/2 mutations (including TNBC) (218,219). Ongoing trials are
exploring combinations with immunotherapy (e.g. PD-1/PD-L1 checkpoint inhibitors) to
enhance efficacy (220,221).

Homologous recombination deficiency

BRCA1/2 mutations contribute significantly to homologous recombination deficiency (HRcD)
in TNBC, yet the higher prevalence of HRcD (~50-60% of cases — the highest among BC
subtypes) indicates additional causes. These include other HRc pathway genes (e.g. BRCA1/2,
partner and localiser of BRCA2 (PALB2), RAD51C/D, ataxia-telangiectasia mutated (47M),
and checkpoint kinase 2 (CHEK2)) and epigenetic alterations. This enhances tumour

mutational burden and sensitivity to DNA-damaging therapies (222-224).
P53

TP53, a tumour suppressor gene encoding the p53 protein, regulates cell cycle arrest, DNA
repair, and apoptosis in response to cellular stress. In TNBC, 7P53 mutations, predominantly
missense or truncating, impair p53 function, promoting uncontrolled proliferation and genomic
instability, particularly in basal-like subtypes. 7P53 mutations occur in 60-80% of TNBC
cases, making them the most frequent genetic alteration in this BC subtype (225-228).

The relationship between 7P53 mutations and survival in TNBC is complex and context-
dependent. 7P53 mutations are generally associated with poorer survival due to impaired p53
function, however, some studies suggest that specific DNA-binding domain (DBD) mutations,
may correlate with better response to certain chemotherapies, potentially improving survival
in subsets of TNBC patients. Conversely, mutations outside of the DBD are associated with
poorer overall survival, increased recurrence risk, and resistance to chemotherapy
(227,229,230). The heterogeneity of 7P53 mutations in TNBC, with distinct hotspot and DNA-
binding alterations driving varied oncogenic or therapy-sensitising effects, highlights the need

for functional classification to improve prognosis and therapeutic strategies (231).

TP53-mutated TNBC is challenging to target directly due to p53’s loss of function. Ongoing
studies are exploring synthetic lethality approaches, such as PARP inhibitors for co-occurring
BRCA1/2 mutations, which are already compromised by 7P53 dysfunction (232,233). Clinical

trials are investigating drugs like APR-246 to restore or reactivate mutant p53 function, aiming
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to enhance apoptosis and overcome chemotherapy resistance in 7P53-mutated tumours, though

no FDA-approved therapies are yet available (234).
PIK3CA

PIK3CA, an oncogene encoding the pl110a catalytic subunit of PI3K, drives cell proliferation,
survival, and metabolism via the PI3K/AKT/mTOR pathway (235). In TNBC, PIK3CA
mutations, primarily hotspot mutations (e.g. HI1047R, E545K), activate this pathway,

promoting tumour growth and resistance to apoptosis, particularly in LAR subtypes (236).

PIK3CA mutations occur in ~10-15% of TNBC cases, representing the second most commonly
altered gene after 7P53, with higher prevalence in LAR TNBC (up to 40%), often co-occurring
with 7P53 and AR alterations (109,237-239). In TNBC, PIK3CA mutations, enriched in
luminal BCs that lose HR expression during metastasis, are associated with better survival
compared to non-mutated cases, yet they promote chemotherapy resistance by activating the

PI3BK/AKT/mTOR pathway and suppressing apoptosis (240,241).

PI3K inhibitors (e.g. alpelisib) and AKT inhibitors (e.g. capivasertib) show promise in
PIK3CA-mutated TNBC, particularly in combination with chemotherapy or other targeted
therapies to overcome the complex feedback mechanisms observed in the PI3K/AKT pathway
(242-244). Alpelisib combined with nab-paclitaxel was evaluated in the phase III EPIK-B3
trial (NCT04251533) for advanced TNBC with PIK3CA mutations or PTEN loss; however, the
study was terminated due to insufficient clinical activity in TNBC patients, despite earlier
phase I/II signals suggesting potential improvements in overall response rates (ORR) and PFS
(245-247). AKT inhibitors ipatasertib and capivasertib, evaluated in the phase Il LOTUS and
PAKT trials, showed improved PFS and OS in PIK3CA/AKT1/PTEN-altered metastatic TNBC
when added to paclitaxel, leading to them progressing to phase III trials. However, results from

the phase I1I trials fell short of predefined efficacy thresholds (162).

Co-Occurring TP53 and PIK3CA Mutations

Co-occurring 7P53 and PIK3CA mutations, identified in ~7.5% of BC cases via cBioPortal
analysis of the TCGA Breast Invasive Carcinoma dataset (248), amplify tumour aggressiveness
beyond singular mutations by synergistically activating the PI3K/AKT/mTOR pathway and
impairing p53-mediated apoptosis. Additionally, mutant 7P53 may lead to the hyperactivation
of PI3K/AKT signalling via PTEN suppression. Unlike isolated 7P53 or PIK3CA mutations,
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these co-mutations drive worse survival and therapeutic resistance, potentially driven by

compensatory PI3K/AKT pathway activation (237,249).

1.3.2.3. RNA expression biomarkers

microRNAs & IncRNAs

MicroRNAs (miRNAs) and IncRNAs, regulatory non-coding RNAs, modulate post-
transcriptional (PTM) gene expression in TNBC (250). Oncogenic miRNAs like miR-21 and
miR-155 drive proliferation, EMT, and chemoresistance by targeting PTEN and suppressing
apoptosis, while tumour-suppressive miR-200 family members are downregulated, enhancing
metastasis (251-254). One study by Kumar et al. demonstrated the high diagnostic potential
(Area Under the Receiver Operating Characteristic Curve (AUC) 94.9-97.1%) of a three
miRNA signature (upregulation of miR-21 and miR-155, downregulation of miRNA-205) (255).

IncRNAs such as HOTAIR and MALATI promote invasion and immune evasion by binding or
“sponging” miRNAs, upregulating Wnt/p-catenin and PI3K/AKT pathways, often amplifying
pathway effects (251,256,257).

miRNAs and IncRNAs show promise as therapeutic and diagnostic biomarkers for TNBC, but
large-scale clinical trials are required to validate their targetability and diagnostic utility in this

subtype (250,258).

1.3.2.4. Immunotherapy biomarkers
TILs

TILs, immune cells within the TME, modulate TNBC immunogenicity and progression (259),
particularly in the IM subtype which has the highest density of TILs (260). In TNBC, high TIL
levels correlate with robust anti-tumour responses, enhancing cytotoxic T-cell activity and

cytokine production (259).

TILs are present in varying levels in TNBC, with a median TIL level of 15%, where 34% of
cases have TIL levels above 30% and 21% have TIL levels of 50% or higher, according to a
study of 1,966 early stage TNBC patients who did not receive adjuvant or neoadjuvant
chemotherapy (261). Higher densities of TILs are linked to better OS and chemotherapy
response (262) and may be used to predict response to immune checkpoint inhibitors (ICIs)

(e.g. pembrolizumab) (263).

24



PD-1/PD-L1

PD-1 and its ligand PD-L1, immune checkpoint molecules, regulate TNBC tumour immune
evasion by suppressing T-cell activity (264). In TNBC, PD-L1 is overexpressed in ~20-40%

of cases, promoting immune escape and tumour progression (265).

High PD-L1 expression correlates with better survival and response to immunotherapy
(266,267). Clinically, PD-L1 status serves as a biomarker to predict response to ICIs, with an
FDA-approved companion diagnostic (PD-L1 IHC 22C3) for TNBC (268). Therapeutically,
anti-PD-1/PD-L1 agents such as pembrolizumab in combination with chemotherapy improve
outcomes in PD-L1-positive metastatic and early-stage TNBC, with FDA approvals based on
KEYNOTE-522 and KEYNOTE-355 trials (269).

1.3.2.5.  Signalling pathways

Signalling pathways critically regulate TNBCs aggressive tumour biology, driving
proliferation, survival, and metastasis through interactions with genetic alterations.
Dysregulated pathways amplify tumour heterogeneity and therapy resistance, with many
pathways exhibiting crosstalk that further enhances TNBC’s complexity, serving as prognostic
and predictive biomarkers (270). Table 1-6 summarises key pathways as TNBC biomarkers.

All of these pathways are associated with poorer prognosis in TNBC.
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Table 1-6: Signalling pathways as biomarkers of TNBC (109,162,271-315).

PTCH, SMO); GLI1/GLI2 overexpression;
NF-xB crosstalk

embryogenesis, and metastasis.

Signalling Genetic Alterations/Causes of Activation Role in TNBC Therapeutic Targeting

Pathway

PI3K/AKT/ | PIK3CA mutations/amplification; PTEN Promotes cell proliferation, survival, PI3K inhibitors (e.g. alpelisib, taselisib);

mTOR loss/inactivation; AKT1 mutations; GF receptor metabolism, and resistance to AKT inhibitors (e.g. capivasertib, ipatasertib);
overexpression apoptosis. mTOR inhibitors (e.g. everolimus)

MAPK/ RTK overexpression; RAS Drives cell proliferation, invasion, MEK inhibitors (e.g. trametinib, selumetinib);

ERK mutations/amplification/CNV; Raf/MEK/ERK metastasis, and angiogenesis. ERK inhibitors (e.g. ulixertinib, ravoxertinib);
upregulation RAF inhibitors (e.g. dabrafenib, sorafenib)

Wnt/ Wnt ligand or Frizzled receptor overexpression; Regulates EMT, metastasis, stem cell Porcupine inhibitors (e.g. LGK974, ETC-159);

B-Catenin APC loss/downregulation; 7P53 loss; Rare self-renewal, and chemoresistance. B-catenin/TCF interaction inhibitors (e.g. PRI-724,
CTNNBI mutations BC2059); Tankyrase inhibitors (e.g. XAV939)

NF-xB Overexpression of upstream activators (e.g. TNF | Involved in inflammation, immune IKK inhibitors (e.g. BMS-345541, TPCA-1);
receptors, EGFR); Cytokine/TNF-driven response, cell survival, proliferation, Proteasome inhibitors (e.g. bortezomib, carfilzomib);
expression; Notch/pAKT correlation and anti-apoptosis. NF-«B transcription inhibitors (e.g. DMF, parthenolide)

JAK/ Cytokine receptor overexpression (e.g. IL-6R); Facilitates tumorigenesis, proliferation, | JAK inhibitors (e.g. ruxolitinib, tofacitinib)

STAT JAK?2 amplification; STAT3 overexpression/ invasion, angiogenesis, immune STATS3 inhibitors (e.g. stattic, S31-201)
acetylation; EGFR activation evasion, and chemoresistance. JAK?2-specific inhibitors (e.g. fedratinib, pacritinib)

EGFR Amplification; Overexpression; Supports cell proliferation, invasion, EGFR TKIs (e.g. erlotinib, gefitinib);
Rare mutations; JAK/STATS3 activation differentiation, angiogenesis, and EGFR mAbs (e.g. cetuximab, panitumumab);

metastasis. Dual EGFR/HER? inhibitors (e.g. lapatinib, neratinib);
EGFR ADCs (e.g. depatuxizumab mafodotin)

Notch Notch receptor and ligand overexpression Contributes to stem cell-like properties, | GSIs (e.g. DAPT, MK-0752); Notch receptor-specific Abs
(e.g. Notchl, Notch4); Notch receptor mutations; | differentiation, survival, and (e.g. tarextumab, brontictuzumab);
NF-xB/pAKT correlation chemoresistance. Notch ligand inhibitors (e.g. demcizumab)

Hedgehog Overexpression of Hh components (e.g. SHH, Regulates stemness, angiogenesis, SMO inhibitors (e.g. vismodegib, sonidegib)

GLI inhibitors (GANT61, ATO)
Hh ligand inhibitors (e.g. robotnikinin)

Abbreviations: MEK = mitogen-activated protein kinase kinase; APC = adenomatous polyposis coli (APC); CTNNBI = catenin beta 1; IL-6R = interleukin 6
receptor; STAT3 = signal transducer and activator of transcription 3; Hh =hedgehog; SHH = Sonic hedgehog; PTCH = patched homolog 1; SMO = smoothened;
GLI(1/2) = glioma-associated oncogene (homolog 1/2); NF-kB = nuclear factor kappa-light-chain-enhancer of activated B cells; TCF = T-cell factor/lymphoid

enhancer-binding factor; IKK = inhibitor of kB kinase; DMF = dimethyl fumarate; (m)Abs = (monoclonal) antibodies.
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1.3.3. Treatment of TNBC

As explored in Section 1.4.1., challenges in the treatment of TNBC arise due to the
heterogenous and invasive nature of this disease subtype, contributing to poorer therapeutic
outcomes compared to other BC subtypes. While conventional strategies like chemotherapy
and radiotherapy remain foundational for TNBC management, their non-specific mechanisms
often lead to off-target healthy cell toxicity, underscoring the need for precision approaches

(316).

Recent research is driving the discovery of TNBC-specific biomarkers (as discussed in Section
1.4.2.) and, more specifically, TNBC subtype-specific biomarkers for the development of more
targeted treatments for TNBC and the incorporation of these into clinical practice (121). Figure
1-5, adapted from a figure by Manjunath et al., summarises the conventional and targeted

therapeutic treatment strategies for TNBC (317).

for TNBC

{ Treatment Strategies

( Conventional Therapeutic Approach ) ( Targeted Therapeutic Approach )

Surgery Radiation Chemotherapy
A
V'Y
S s it P EE L L EE T
Lumpectomy E E Whole breast Anthragyclﬁqes E E PARP inhibi!ors AR antaguni;t
Mastectomy ' : imradiation e.g. Epirubicin ' : e.g. Olaparlb. e.g. F:nzalutamlde
h L Taxanes d i Immunotherapies Antibody-drug
""""""""""" ' e.g. Paclitaxel 1 b e.g. Atezolizumab conjugates
+  Platinum Agents E H (anti-PD-L1) e.g. Sacituzumab
e.g. Cisplatin g E PI3K/AKT/mTOR govitecan
b H +  pathway inhibitors (anti-TROP2)
i+ Cyclophosphamide E 1 e.g. Alpelisib

Figure 1-5: Treatment strategies for TNBC. Conventional and targeted therapeutic approaches for
the treatment of TNBC (317-321).
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1.4.3.1 Conventional therapeutic approaches

For TNBC, conventional therapeutic approaches encompass neoadjuvant and adjuvant
therapies. Neoadjuvant therapy — typically involving chemotherapy regimens such as
anthracyclines and taxanes (e.g. doxorubicin, cyclophosphamide, and paclitaxel), or radiation
— is administered prior to surgery to shrink tumours and eliminate potentially metastatic cells.
In contrast, adjuvant therapies are delivered post-surgery to eradicate residual disease

(322,323).

Depending on the stage of cancer, surgery can be performed to remove the tumour and some
of the surrounding tissue (i.e. a lumpectomy) or to remove the entire breast (i.e. a mastectomy).
Surgery can improve patient survival and reduce mortality, and can be used alone or with other
treatment types. Limitations associated with surgery are reduced effectiveness for advanced
stages of cancer and it potential residual disease which may lead to recurrence or metastasis

(318).

Radiation therapy

The use of directed X-rays or subatomic particles in the treatment of cancer is known as
radiation therapy (324). Radiation therapy is an important part of the multifaceted management
of BC and can be administered to the whole breast (i.e. whole breast irradiation (WBI)) or to

part of the breast (i.e. partial breast irradiation (PBI)) (325).

Post-operative WBI is recommended for most TNBC patients, whereas PBI is not, as the TNBC
subtype is the only independent predictor of recurrence following accelerated PBI (326,327).
Some long-term side effects associated with breast radiotherapy include damage to the heart

and lungs, nerve damage, chronic swelling, and second malignancies (328).

Chemotherapy

Chemotherapy functions to inhibit cell proliferation and tumour growth, and furthermore avoid
invasion and metastasis, however chemotherapeutic agents target all cells and do not exhibit
specific anti-tumour activity. Chemotherapeutic agents may be administered in different

settings (i.e. primary, metastatic), as well as in combination with other therapeutics (329,330).

Systemic chemotherapy is the main adjuvant treatment administered to patients for the
treatment of TNBC. A combination of surgery and systemic chemotherapy may be used to treat

TNBC, with varying regimens dependent on the patient and stage of cancer. Chemotherapy can
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be administered adjuvantly as the primary treatment, neoadjuvantly to reduce tumour size prior
to surgical resection, or post-operatively to reduce the risk of patient relapse. Commonly used
drugs in chemotherapy treatment regimens for TNBC include anthracyclines, taxanes, and

platinum agents, as well as cyclophosphamide (see Table 1-7) (318,331,332).

Chemotherapy can be administered in combination with other chemotherapeutic agents or
targeted therapies for the treatment of TNBC. Several combination therapies have been

approved to improve treatment outcomes, including:

Chemotherapy Combinations (333-337)

1. Doxorubicin + cyclophosphamide (AC), followed by paclitaxel (ddAC-T)
2. Docetaxel + cyclophosphamide (TC)

3. Epirubicin + cyclophosphamide (EC)

4. Docetaxel + AC (TAC)

5. Paclitaxel + carboplatin (PC or T/Cb)

6. Docetaxel + carboplatin (DC or T/Cb)

Chemotherapy + Targeted Therapeutic Combinations (338)

1. Pembrolizumab + chemotherapy (PC, followed by AC or EC)

While Sacituzumab govitecan and T-DXd are technically single agent/monotherapy ADCs,
they are both targeted antibodies that deliver a chemotherapy payload.
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Table 1-7: Chemotherapeutic agents to treat TNBC (318,328,339-353).

Class Examples Primary Mechanism of Action Toxicities/Limitations
Anthracyclines Doxorubicin Form a ternary complex with topoisomerase-II | Anthracyclines are cardiotoxic and cumulative doses
Epirubicin preventing re-ligation of double-stranded DNA | administered, and potentially use with other agents, increases
breaks and thus promoting growth arrest and | risks of heart failure. Other side effects include
apoptosis. myelosuppression and hepatic failure.
Taxanes Paclitaxel/ Bind to polymerised tubulins, stabilising | Common side effects which limit the use of taxanes include
Nab-Paclitaxel microtubules by preventing depolymerisation or | bone marrow suppression, peripheral nerve damage, and
Docetaxel increasing polymerisation, causing subsequent | hypersensitivity reactions such as nausea, vomiting, and
arrest of the cell cycle at the mitotic phase. This | diarrhoea.
leads to cell apoptosis and necrosis.
Platinum Agents | Carboplatin Upon entering a cell, chloride ions of the platinum | Neuropathy and myelosuppression are also associated with
Cisplatin compound dissociate leaving the central platinum | platinum-based agents, as well as damage to the kidneys and a
ion to cross-link DNA strands, resulting in DNA | number of gastrointestinal side effects.
synthesis and function inhibition.
Nitrogen Cyclophosphamide | Undergoes conversion, metabolization, and | The main side effects of the nitrogen mustard
Mustards cleavage to form phosphoramide, an active | cyclophosphamide are myelosuppression, urinary bladder
alkylating agent, which forms cross-linkages with | inflammation and bleeding, gonadal disfunction, and alopecia
DNA and RNA, subsequently leading to
programmed cell death.
Antimetabolites | Capecitabine Inhibit key enzymes in DNA and RNA synthesis, | Antimetabolites cause myelosuppression, increasing risks of
Gemcitabine such as thymidylate synthase, disrupting nucleotide | infection and anaemia, and may lead to gastrointestinal
production and leading to cell cycle arrest and | toxicity, including mucositis and diarrhoea.
apoptosis.
Microtubule Eribulin Disrupt microtubule dynamics by binding to | Microtubule inhibitors cause neurotoxicity, including
Inhibitors (Vinorelbine) tubulin, inhibiting spindle formation during | peripheral neuropathy, and myelosuppression, increasing risk
(Vinca mitosis, leading to cell cycle arrest and apoptosis. | of infection and anaemia.
Alkaloids)
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Treatment Order for TNBC

The order of treatment for TNBC, per the American Society of Clinical Oncology (ASCO)

guidelines, is shown in Figure 1-6.

TNBC diagnosed

Assess T, N, stage

Early-stage TNBC

(Stage I-III)

T < 1lcm, NO

T> lcm, N+

Surgery

Post-surgical pathology review

I
pCR

No additional

chemolherapy

Radiation therapy

Based on surgical and
pathological findings

Ongoing follow-up

Metastatic TNBC
(Stage IV)

Biomarker testing

PD/L1
I I gBRCA1/2 mutations
TMB
g HER2-low status
No chemotherapy Neoadjuvant |
chemotherapy
Anthracycline + I I
taxane-based regimen First-line Second-line
treatment treatment
I PD-L1+

Sacituzumab govitecan if
progression after > 2 lines of
systemic therapy

Immunotherapy (e.g.
pembrolizumab) + chemotherapy

BRCA-MUT Other options:
PARP inhibitor (e.g. olaparib or | \Jer options:
R eribulin, capecitabine,
No actionable markers VGGG, (FRrATELD
W deruxtecan (if HER2-low)

Residual disease
(non-pCR)

Adjuvant capecitabine
Adjuvant olaparib (BRCA+)

Figure 1-6: Treatment sequencing for early-stage and metastatic TNBC based on ASCO clinical
practice guidelines (162,354-357). Abbreviations: T = tumour; N = node; pCR = pathological

complete response; MUT = mutant.
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1.4.3.2 Targeted therapeutic approach

In operable TNBC, 30-40% of patients develop recurrence or metastasis within 5 years, while
nearly 50% of all TNBC patients experience distant metastasis — typically within 2 years of
diagnosis (median time to metastasis: 19.7-31.2 months). Post-metastasis survival averages 17-
25 months, often compounded by resistance to standard systemic chemotherapy regimens,
which underscores the urgent need for biomarkers and personalised treatment strategies beyond

conventional therapies (358).

Biomarkers associated with TNBC and its various subtypes, as described in Sections 1.4.1. and
1.4.2., may be therapeutically targeted or they may provide prognostic or predictive
information about a specific treatment. These biomarkers may be identified by a number of
methods, such as tissue immunohistochemistry, histological/cytological analysis, and a variety
of specific assays (as detailed in Table 1-5). Biomarkers in targeted therapy is the focal point
of numerous ongoing preclinical and clinical trials (121), and several TNBC subtype-specific

biomarkers have emerged as potential therapeutic targets (Figure 1-7).

Targeting
Biomarkers of TNBC

EMT
Cell cycle / M
ivisi Growth factor
Proliferation
W)
Angiogenesis

l l

Androgen
receptor

Luminal gene

DNA-repair Anti-angiogenic therapy Immune checkpoint Androgen receptor
targeted therapy e.g. VEGF inhibitors inhibition targeted therapy
e.g. PARP inhibitors e.g. PD-1/PD-L1 e.g. AR inhibitor
Growth & differentiation inhibitors
Cell-cycle pathway targeted therapy
targeted therapy e.g. PI3K pathway inhibitors ADCs targeting
e.g. CDK4/6 inhibitors tumour antigens
e.g. anti-TROP2 ADC

Figure 1-7: Targetable TNBC subtype biomarkers. Targeted therapeutic options based on
biomarkers of specific TNBC subtypes (112,120,359). Abbreviations: TROP2 = human trophoblastic
cell surface antigen 2.
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1.4.3.2.1. Approved targeted therapies for TNBC

Approximately 30-40% of women with TNBC will experience disease relapse, often
progressing to metastatic disease (360). Some targeted therapeutics have been approved for use
in TNBC in the metastatic setting (see Figure 1-8), while others remain under investigation

(361).
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Figure 1-8: Approved TNBC targeted therapy. (a) PARP inhibition in BRCA 1/2-mutated vs. BRCA-
wildtype (WT) cells. (b) Immune checkpoint inhibition of PD-1/PD-L1. (¢) ADC intercellular and
extracellular cytotoxicity (362-367).

PARP Inhibitors

PARPs are a family of enzymes involved in DNA damage repair (DDR). PARP enzymes detect
and bind to damaged DNA at the DBD, whilst also binding to nicotinamide adenine
dinucleotide (NAD+) at the PARP active site, to produce ADP-ribose moieties and recruit DDR
proteins. This PTM is known as polyADP-ribosylation (PARylation). PARPs catalyse the
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transfer of ADP-ribose from NAD+ to target proteins to repair single-strand breaks (SSBs) via
base excision repair (BER) (321,368). PARPs may also play a role in alternative DNA repair
pathways, such as HRc and non-homologous end joining (NHEJ) (363).

As demonstrated in Figure 1-8(a), PARP inhibitors impede DDR of SSBs via binding of the
PARP enzyme-bound NAD+, thus inhibiting PARP enzyme activity and subsequent
PARylation. Inhibition can also occur by blocking PARylation of PARP itself
(autoPARylation) in a process known as PARP “trapping”, preventing the release of the PARP
enzyme, and thus inhibiting the recruitment and binding of other DDR proteins. In the absence
of repair, DNA replication stalls and causes this SSB to become a double-strand break (DSB)
(369,370).

Inhibition of PARP alone is not enough to cause cell death as DSBs may still be repaired via
homology-directed repair, however, in combination with HRc deficiency caused by mutations

in the BRCA1/2 genes, synthetic lethality can occur and result in cell death (371).

Preclinical studies demonstrated that both olaparib and talazoparib PARP inhibitors effectively
target BC cells, with BRCA1/2 mutations or HRc deficiency, enhancing DNA damage and cell
death (372).

The phase III OlympiAD (olaparib) and EMBRACA (talazoparib) clinical trials showed
significant improvements in PFS and ORR in patients with germline BRCAI/2-mutated
(gBRCAm), HER2-negative metastatic BC, including TNBC. In OlympiAD, olaparib
(Lynparza) improved median PFS to 7 months from 4.2 months with standard chemotherapy
(hazard ratio (HR) 0.58) and achieved an ORR of 59.9% vs. 28.8%. Similarly, in EMBRACA,
talazoparib (Talzenna) demonstrated a median PFS of 8.6 months vs. 5.6 months (HR 0.54)
with an ORR of 62.6% vs. 27.2%. Both agents were associated with improved quality of life
compared to chemotherapy. Based on these results, both drugs received FDA approval in 2018
for treating advanced or metastatic gBRCAm, HER2-negative BC. In 2022, olaparib also gained
approval as an adjuvant treatment for patients with high-risk, early-stage HER-negative BC
with gBRCAI/2 mutations, based on the OlympiA trial results, which showed a significant
improved distant disease-free survival (DDFS) (373-379).

While no FDA approval exists for somatic BRCAI/2 mutations in BC, the GeNeo
(NCTO04641676) study demonstrated olaparib’s efficacy in various cancers with somatic or
germline BRCA1/2 mutations. Ongoing studies are investigating the therapeutic relevance of

somatic BRCA1/2 mutations in guiding PARP inhibitor treatment (380,381).

34



Anti-PD-1/PD-L 1 Immune Checkpoint Inhibitors

PD-1 receptors are expressed at the cell surface of activated immune cells (T cells, natural killer
(NK) cells, B cells, macrophages, and some dendritic cells (DCs). PD-1 expression in T-cells
is induced by T-cell receptor (TCR) activation (382).

Ligation of PD-1 to its ligands PD-L1 and PD-L2, normally expressed on antigen-presenting
cells (APCs), mesenchymal stem cells (MSCs), and bone-marrow derived mast cells
(BMMC:s), hinders this TCR signalling (382,383), inhibiting the function of effector T-cells
and TIL, while simultaneously increasing immunosuppressive regulatory T cell (Treg)
function. This ultimately prevents excessive stimulation of the immune response, protecting

against autoimmunity and maintaining immune tolerance, giving the basis for PD-1’s “immune

checkpoint” categorisation (384).

As mentioned in Section 1.4.2.4., PD-L1 is frequently upregulated in tumour cells, allowing
them to hijack the PD-1/PD-L1 inhibitory pathway to evade host immune response (371).
Therapeutic targeting of this pathway using ICIs to block PD-1/PD-L1 interactions, as

demonstrated in Figure 1-8(b), promotes anti-tumour activity (385).

Preclinical studies have demonstrated that PD-1/PD-L1 blockade restores anti-tumour
immunity and synergises with chemotherapy in TNBC models (386). The phase III
KEYNOTE-522 trial showed that the PD-1 inhibitor pembrolizumab (Keytruda) plus
chemotherapy significantly improved pCR (64.8% vs. 51.2%) and event-free survival (HR
0.63) in early-stage TNBC. In metastatic TNBC, KEYNOTE-355 reported improved PFS in
PD-L1 combined positive score (CPS) > 10 patients (9.7 vs. 5.6 months, HR 0.65).
Pembrolizumab received FDA approval in 2021 for high-risk early-stage and PD-L1-positive
metastatic TNBC (338,387-394).

Atezolizumab (Tecentriq), a PD-L1 inhibitor, initially gained accelerated approval in 2019
based on IMpassion130 (PFS 7.5 vs. 5.0 months, HR 0.62), but this was withdrawn in 2021
after IMpassion131 failed to confirm the PFS benefit (395,396).

Anti-TROP2 ADC

ADCs comprise three fundamental components: a mAb, a cytotoxic drug, and a chemical linker
connecting the aforementioned parts. The mAb is constructed to be specific for a certain tumour
cell-surface antigen and, as demonstrated in Figure 1-8(c), upon binding of the antigen, the

ADC can be internalised into the cell and the cytotoxic payload is released into the cytoplasm
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which causes tumour cell death. The linked drug may also be released extracellularly if the
ADC is not internalised, leading to the death of neighbouring tumour cells (bystander effect).
In addition, the antibody itself can contribute to tumour cell killing via immune effector
mechanisms: the Fc portion of the mAb can recruit natural killer cells, macrophages, and other
immune cells to mediate antibody-dependent cellular cytotoxicity (ADCC) or phagocytosis
(ADCP), and can also activate the complement cascade (CDC), further enhancing antitumour

activity (367,397).

TROP2, encoded by the tumour associated signal transducer (TACSTD?2) gene (398), is a
transmembrane glycoprotein that is highly expressed on the surface of epithelial cells across
various cancer types. TROP2 is normally expressed at a low level and is involved in embryonic
development, formation of placental tissue, and stem cell proliferation. When overexpressed,
TACSTD? functions as an oncogene with the TROP2 protein promoting tumour development

and progression in multiple epithelial cancers, including BC, and occurring most prevalently

in the TNBC subtype (399).

Preclinical studies have demonstrated that Sacituzumab govitecan, an ADC targeting TROP2
and delivering the topoisomerase I inhibitor SN-38, exhibits potent cytotoxic activity against
TNBC cell lines and xenograft models, including tumours resistant to conventional

chemotherapy (400).

In the phase III ASCENT trial, Sacituzumab govitecan (Trodelvy) significantly improved
outcomes in patients with metastatic TNBC who had received at least two prior therapies, with
amedian PFS of 4.8 vs. 1.7 months (HR 0.41) and an ORR of 35% vs. 5% compared to standard
chemotherapy. The drug also improved OS (11.8 vs. 6.9 months, HR 0.51) and demonstrated
a manageable safety profile. Based on these results, Sacituzumab govitecan received FDA
approval in 2020 for patients with metastatic TNBC previously treated with two or more

systemic regimens (401,402).

Anti-HER2 ADC

While TNBC is defined by a lack of ER, PR, and HER2 expression, emerging evidence
indicates that a subset of TNBC tumours expresses low levels of HER2, making them
responsive to HER2-targeted ADCs which can exploit even low-level HER2 expression to

deliver cytotoxic payloads selectively to tumour cells (179).
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Fam-T-DXd-nxki (Enhertu) is an ADC composed of a mAb linked to the topoisomerase I
inhibitor DXd. T-DXd targets the HER2 receptor (as shown in Figure 1-8(c)) (403).

Preclinical studies have demonstrated that T-DXd exhibits potent anti-tumour activity in

HER2-expressing BC models, including tumours with low HER2 expression (404).

In the phase III DESTINY-Breast04 trial, T-DXd significantly improved outcomes in patients
with HER2-low metastatic BC, including TNBC, compared to standard chemotherapy.
Specifically, T-DXd achieved a median PFS 0f 9.9 vs. 5.1 months and a median OS of 23.4 vs.
16.8 months, with improvements being both statistically significant and clinically meaningful.
Based on these results, T-DXd received regulatory approval in August 2022 for the treatment
of HER2-low metastatic BC, including patients with metastatic TNBC (179,405).

Emerging Targeted Therapies in TNBC

In addition to currently approved agents, a growing number of novel targeted strategies are
undergoing clinical evaluation in TNBC, reflecting a shift toward biomarker-informed and

combination-based therapeutic approaches.

Next-generation ADCs continue to build on the clinical success of earlier agents. Datopotamab
deruxtecan, a TROP2-directed ADC with a topoisomerase I inhibitor payload, is being
evaluated in the phase III TROPION-Breast02/03/04 trials in metastatic and early TNBC, with
emerging data suggesting meaningful anti-tumour activity in heavily pretreated populations.
These studies aim to determine whether earlier-line use or rational combinations can further

improve outcomes (406).

Targeted kinase inhibition remains an area of active investigation. Anti-angiogenic strategies
such as apatinib, including combinations with the PD-1 inhibitor camrelizumab, are being
explored to disrupt tumour vascular signalling and enhance immune response. Multi-targeted
tyrosine kinase inhibitors such as lucitanib and pathway-directed combinations, including
GSK2141795 with trametinib, aim to simultaneously suppress parallel oncogenic signalling

pathways that contribute to therapeutic resistance (114).

Immunotherapeutic strategies are also evolving beyond PD-1/PD-L1 blockade. Dual immune
checkpoint inhibition approaches include PD-1/LAG-3 combinations such as spartalizumab
plus ieramilimab (407), and PD-L1/CTLA-4 combinations such as durvalumab with
tremelimumab (408). Additional strategies incorporate immune-modulating agents such as the

indoleamine 2,3-dioxygenase 1 (IDO1) inhibitor epacadostat or the histone deacetylase
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(HDAC) inhibitor entinostat to enhance tumour immunogenicity and overcome immune

resistance (409,410).

For molecularly defined subtypes, AR-targeted therapy is being evaluated in the LAR subtype
of TNBC. The AR inhibitor enzalutamide, in combination with the PI3K inhibitor Taselisib,
represents an example of subtype-specific targeting currently under early-phase clinical

investigation (114).

Collectively, these emerging strategies emphasise rational combination therapy as a central
theme in TNBC management, aiming to address tumour heterogeneity, bypass adaptive
resistance mechanisms, and improve the durability of clinical responses beyond what has been

achieved with single-agent targeted therapies (411).

Resistance to Targeted Therapy in TNBC

Resistance to targeted therapies in TNBC remains a critical barrier, driven by the disease’s
molecular heterogeneity and adaptive mechanisms. Upregulation of alternative signalling
pathways, such as PI3K/AKT/mTOR or MAPK, often bypasses targeted inhibition, with
studies showing pathway reactivation in patients treated with single-agent kinase inhibitors

(214,412-414).

Efflux pumps and altered drug metabolism reduce intracellular drug concentrations, notably in
ADCs like Sacituzumab govitecan, where multidrug resistance 1 (MDRI) and multidrug

resistance-associated protein 1 (MRP1) overexpression correlates with resistance (415,416).

Immunotherapy resistance, observed in TNBC patients treated with anti-PD-1/PD-L1 agents
like pembrolizumab, stems from low TILs, immune-suppressive microenvironments, or LAG-

3/CTLA-4 upregulation (417-419).

Epigenetic modifications, including histone deacetylation and DNA methylation, further
contribute to resistance by silencing tumour suppressor genes, conferring resistance on PARP

inhibitor-treated patients (e.g. olaparib) (420,421).

These mechanisms underscore the shift toward combination strategies in TNBC, such as
pairing kinase inhibitors with immunotherapies or epigenetic modulators, to overcome

resistance and improve therapeutic efficacy (422,423).
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1.5. The PI3K/AKT/mTOR signalling pathway

The PI3K signalling pathway plays a crucial role in normal cellular processes, including insulin
signalling, glucose homeostasis, cell growth, proliferation, and survival (see Figure 1-9).
However, its aberrant activation — often driven by mutations in pathway components or
upstream regulators like RTKs — occurs in many cancer types, contributing to tumour
development and progression. Knowledge of the genes and proteins involved in the PI3K
signalling pathway, as well as its upstream mediators and downstream targets, is imperative
for understanding its physiological functions and fully elucidating its dysregulated role in

cancer (424,425).
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Figure 1-9: PI3K/AKT signalling. Activation of RTKs and GCPRs leads to recruitment of PI3K and
phosphorylation of PIP2 to PIP3. PIP3 can bind to the PH-domain of PDKI1 leading to AKT
phosphorylation and activation. PTEN dephosphorylates PIP3 to PIP2, inhibiting AKT activation (426).

There are three different classes of the PI3K heterodimer — classes I, II, and III. Class I
constitutes class IA and class IB PI3Ks. Class IA PI3K has the greatest implications in human
cancer (427) and consists of the catalytic and regulatory subunits, p110 and p85, with three
different types of the former (110a, 110, and 1105, encoded by the phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha/beta/delta genes (PIK3CA/B/D), and five
different isoforms of the latter (p85a, pS5a, p50a, p85P, p55y) (428). The catalytic subunit of
class IB PI3Ks consists solely of p110y, encoded by PI3KC gamma (P/IK3CG), which binds to
the p101 and p87 regulatory subunits (429). Binding with the regulatory subunits stabilises the
catalytic proteins inhibiting PI3K pathway activation (427).
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The PI3K pathway can be initiated by various molecules (see Figure 1-10), including GFs,
hormones, and cytokines, which activate upstream regulators such as RTKs and G protein-
coupled receptors (GPCRs) (424). Binding of ligands to the transmembrane region of an RTK
can result in autophosphorylation of the cytoplasmic region tyrosine residues, leading to the
recruitment of p110 to RTKs and subsequent PI3K activation (426). GPCRs similarly trigger
PI3K via ligand-induced conformational changes, enabling direct binding of their GBy subunits

to the p110p or p110y isoforms (430).
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Figure 1-10: Role of RAS in PI3K pathway activation and cell cycle. Following activation and
autophosphorylation, RTK binds to RAS which can lead to both PI3K and RAS/RAF/MEK/ERK
pathway activation (431).

Other activating molecules include small GTPases, such as RAS (432). Activated RTKs can
bind to RAS, which can lead to both PI3K pathway activation via binding of RAS to the p110a
subunit and activation of the RAS/rapidly accelerated fibrosarcoma (RAF)/MEK/extracellular
signal-regulated kinase (ERK) pathway, both of which promote cell growth, proliferation and
survival (433).

Following activation, PI3K catalyses the phosphorylation of the 3’-hydroxyl group of the
inositol ring of phosphatidylinositol-4,5-biphosphate (PtdIns (4,5) P2 or PIP2) to produce
phosphatidylinositol-3,4,5-triphsophate (PtdIns (3,4,5) P3 or PIP3) (see Figure 1-11). PTEN
normally functions as a negative regulator of PI3K counteracting pathway activation via
dephosphorylation of PIP; to PIP,, thus affecting downstream signalling. This leads to cell
growth inhibition and the enhancement of cell sensitivity to apoptosis, thereby functioning as

a tumour suppressor (434).
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PIP; can bind to a variety of cytosolic proteins that contain pleckstrin homology domains and
functions as a lipid second messenger to promote pathway activation. 3-phosphoinositide-
dependent protein kinase-1 (PDK1) is a Pleckstrin homology domain-containing kinase
dependent on PI3K which activates protein kinase B (AKT) and other AGC kinases sensitive
to GFs via phosphorylation of the activation loops and hydrophobic motifs (435). The
pleckstrin homology domain of PDK1 allows for localisation of it and AKT at the plasma
membrane as well as phosphorylation of the AKT activation loop following activation of PI3K

(4306).

Mammalian target of rapamycin (mTOR) protein kinase activity occurs both upstream and
downstream of AKT and is achieved through the mTOR complexes (mMTORC; and mTORC?).
PRASA40 usually functions to inhibit autophosphorylation of mTORC; and prevent binding of
downstream S6K and 4EBP; proteins. Phosphorylation of PRAS40 by phosphorylated AKT (p-
AKT) leads to dissociation of PRAS40 from the mTORC; complex and subsequent mTOR
signalling (437,438). mTOR activates S6k and inactivates 4EBP; resulting in protein translation
and cell growth (439). In addition to this, AKT can regulate the tumour suppressor complex
subunit I-tumour suppressor complex subunit 2 (TSC1-TSC2) tumour-suppressor complex via
phosphorylation of TSC2 which prevents RHEB inhibition, allowing for mTOR activation
(440). ERK is also an upstream regulator of mTORC;, demonstrating some of the complex
crosstalk between pathways (441). mTORC:; is an established activator of AKT, with the ability
to phosphorylate its Ser473 residue, and thus a promotor of cell proliferation and survival

(442).
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Figure 1-11: AKT/mTOR signalling. The mTORC:; complex regulates AKT via phosphorylation.
AKT regulates mTORC; via phosphorylation of the PRAS40 subunit. AKT also inhibits the TSC1-
TSC2 tumour-suppressor complex blocking RHEB inhibition of downstream mTORC; signalling.
mTORC; inhibits 4JEBP; and activates S6K via phosphorylation (437,438).

AKT plays arole in cell survival regulation via inhibition of pro-apoptotic transcription factors
(see Figure 1-12), such as forkhead box O (FOXO) and Bcl-2 associated agonist of cell death
(BAD). FOXOs function to activate target gene transcription to promote cell death, cell cycle
arrest, and maintenance of metabolic stability via cellular oxidative stress. BAD is a pro-
apoptotic protein in the Bel-2 family that regulates programmed cell death. Phosphorylation of
FOXO and BAD by AKT results in suppression of apoptosis and promotion of cell survival
(443), while phosphorylation of human double minute 2 (HDM2) by AKT enhances its nuclear
translocation (from the cytoplasm) and stability. HDM2 can then bind and regulate p53,

marking it for proteasomal degradation and export to the cytoplasm (444).

Glycogen synthase kinase-3 (GSK3) is another downstream target of AKT, whereby AKT
inactivates this protein via phosphorylation leading to reduced phosphorylation of GS, allowing
glycogen synthesis to proceed (445,446). Other GSK3 substrates such as c-Myc and B-catenin

are stabilised upon GSK3 inactivation, promoting cell growth, survival, and proliferation (447).
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Figure 1-12: AKT downstream phosphorylation targets. Phosphorylation of HDM2 enhances
nuclear localisation leading to p53 degradation. BAD phosphorylation leads to suppressed apoptosis
and binding to 14-3-3 proteins. 14-3-3 proteins also bind to FOXO following phosphorylation causing
cytoplasmic retention and inhibition of transcriptional activity. AKT inactivates GSK3 via
phosphorylation, resulting in reduced glycogen synthase (GS) (444,445,448,449).

1.5.1. The PI3K signalling pathway in cancer

The PI3K signalling pathway (illustrated in Figure 1-13) is frequently altered in human cancer
and one of the most commonly dysregulated pathways in BC, and is significant in driving
tumour initiation and progression (435). Mutations occurring in PI3K pathway gene members,
as well as those upstream of the pathway, are implicated in PI3K pathway activation and

downstream oncogenic signalling and could potentially be therapeutically targeted (450).
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Figure 1-13: PI3K signalling in cancer. PI3K signalling promotes cancer cell growth, proliferation,
survival, and metastasis, and inhibits apoptosis. Mutations in pathway genes promote tumorigenesis
and cancer progression.



Aberrant activation of cell surface receptors, i.e. RTKs and GCPRs, can occur as a result of
gain-of-function (GOF) mutations, gene amplification, chromosomal rearrangement, or self-
sustaining autocrine signalling (451). PI3K alterations can activate and enhance PI3K

signalling (449).

Mutations and amplifications in PIK3CA, which encodes p110a, are most commonly observed
in BC, with a prevalence of up to 40% in primary BC, varying by subtype. These mutations
have been well-established as activators of the PI3K signalling pathway which has led to the
development and FDA-approval of the PI3Ka inhibitor alpelisib. PIK3CA “hot spots” are
home to the majority of the gene’s somatic mutations: E542K or E545K in exon 9 (located in
the helical domain of p110a), and H1047R or H1047L in exon 20 (located in the kinase domain
near the activation loop) (452—454), leading to increased PI3K signalling and stimulation of
downstream AKT signalling (455).

The prevalence of PIK3CA alterations in BC render them attractive targets for targeted
therapies (456). For instance, alpelisib — a selective PI3Ka inhibitor — has demonstrated
improved PFS in patients with PIK3CA-mutated disease, leading to its FDA approval for HR-
positive, HER2-negative advanced BC in combination with fulvestrant. However, PIK3CA
mutation status is not a perfect biomarker for predicting response to alpelisib. This was
demonstrated primarily in clinical trials for ER+/HER2- advanced BC, such as the phase 3
SOLAR-1 trial, which showed variable outcomes with some PIK3CA-mutated tumours
exhibiting resistance despite overall PFS benefits (457,458). Limited early-phase studies in
TNBC, including a phase II alpelisib monotherapy trial in PI3K-altered, pretreated cases and a
phase Ib alpelisib and olaparib combination study, have similarly demonstrated mixed efficacy

signals with no approvals to date (459,460).

This variability may arise from rare co-occurring mutations in genes such as PTEN or AKTI
(which are usually mutually exclusive with PIK3CA alterations, limiting significant overlap),
which can independently activate the PI3K/AKT pathway or bypass PI3Ka inhibition (461).
Feedback loops within the pathway can reactivate downstream signalling — for example,
mTORCI upregulation can impair autophagy — while alternative routes such as RTK signalling
or compensatory cascades (e.g. MAPK/MEK or IL-6-STAT3) may sustain tumour growth
despite PIK3CA inhibition. Additionally, tumour heterogeneity and selection of resistant

subclones further complicate response prediction (462,463).
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PTEN and inositol polyphosphate-4-phosphatase type I (INPP4B) are tumour suppressors,
which both suppress PI3K pathway activity. The former dephosphorylates PIP3 to PIP>, whilst
the latter dephosphorylates PIP(3,4)P> to PIP(3)P following SH2-containing inositol
phosphatase 1/2 (SHIP 1/2) dephosphorylation of PIP3 to PIP(3,4)P, (464,465). Mutations in
both of these genes can inhibit their normal functions, leading to downstream AKT activation
(466,467), however, INPP4B also demonstrates oncogenic activity in certain cancers with

increased expression driving therapeutic resistance (468—470).

PTEN mutations have been reported in approximately 5% of BC cases, however, epigenetic
regulation and/or loss of heterozygosity (LOH) is responsible for gene inactivation in
approximately 30% of sporadic BCs. Inactivation of PTEN results in PI3K/AKT signalling

deregulation and subsequent cancer activation and progression (471).

INPP4B alterations vary based on BC subtypes, with increases observed in 14-40% of HR-
positive BCs, where estrogen signalling can upregulate its expression. In this context, INPP4B
can act as an oncogene, stabilising AKT signalling, leading to increased cell proliferation and
resistance to apoptosis (468). Conversely, loss of INPP4B, commonly observed in TNBC, can
lead to increased PI3K/AKT pathway activation via accumulation of PtdIns(3,4)P>, which
enhances AKT phosphorylation and downstream signalling (472).

AKT mutations have been observed in a number of cancer types including BC, e.g. the E17K
somatic mutation in the PH-domain of AKTI. AKTI mutations are most prevalent in ER-
positive, HER2-negative BC (6.0%). These mutations can lead to greater binding affinity
between kinases and phosphatidylinositol phosphorylated lipids, as well as increased
membrane localisation relative to WT AKT. This in turn may lead to tumour progression
(461,471,473). Capivaseritb, an AKT inhibitor, was approved in 2023 for adults with HR-
positive, HER2-negative locally advanced or metastatic BC with one or more PIK3CA, AKTI,

or PTEN alterations, used in combination with fulvestrant (474).

p53 is a tumour suppressor protein encoded by the 7P53 gene. The p53 protein responds to
cellular stresses to regulate target gene expression and induce cell cycle arrest, apoptosis, DNA
repair, metabolism changes, and senescence (475). Aberrations in the 7P53 gene are common
across all types of cancer, many of which are inactivating missense mutations, and are known
to play a significant role in tumorigenesis. The p53 protein has three primary domains —

transactivation domain (TAD), DBD, and tetramerisation domain (TET) — with the majority of
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genetic alterations in human cancer occurring in the DBD, preventing binding of downstream

targets (476).

p53 is negatively regulated by the HDM2 protein via physical binding and p53 degradation,
resulting in low levels of p53 in normal cells (477). Studies have demonstrated the regulatory
effects of p53 on the PTEN tumour suppressor gene via the functional p53 binding site present
within the PTEN promotor region (478). Evidence suggests that PTEN may protect p53 from
both loss-of-function (LOF) via negative transcription of HDM?2 and degradation by way of
physical association with the protein, indicating a positive feedback loop between PTEN and
p53 (479,480). Despite these stabilising functions, deletion of PTEN and subsequent activation
of the PI3K pathway has been shown to activate p53, with significantly increased p53
expression present in PTEN-/- cells (249,481).

p53 has also been shown to regulate cell survival via inhibition of PIK3CA, and furthermore,
the PI3K/AKT pathway, independent of PTEN. This transcriptional down-regulation of
PIK3CA via p53 has been demonstrated in head and neck cancer cell lines, where the PTEN
protein was not detected and induction of p53 resulted in decreased PIK3CA expression and
reduced AKT phosphorylation, indicating the transcriptional regulatory effects of p53 on
PIK3CA (482). TP53 mutations are prevalent in 30% of BC patients, leading to loss of tumour

suppressor function and enhanced tumour aggressiveness (226,483).

A study, which investiged the mechanisms involved in the regulation of PIK3CA transcription
via p53 in ovarian cancer, described two promotors present on the PIK3CA gene that have been
shown to directly bind to p53 resulting in transcriptional inhibition. It was found that
suppression of p53 resulted in increased levels of pl10a transcripts, proteins, and PI3K
signalling pathway activity, while overexpression of p53 resulted in decreased levels of p110a
protein (484). However, an Expression of Concern was subsequently issued for this study
owing to concerns regarding the reliability of several western blot images, although an external
expert consulted by the journal considered the study's overall conclusions to be potentially
supported by subsequent independent reports (485). LOF mutations in 7P53 have been shown
to correlate with hyperactivation of PIK3CA and the PI3K pathway, resulting in worse
prognoses for head and neck squamous cell carcinoma patients (486). Co-occurring 7P53 and
PIK3CA mutations are observed in ~7.5% of BCs (248). These mutations synergistically
dysregulate the PI3K/AKT signalling pathway, driving oncogenesis (237,487,488).
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1.5.1.1.  Molecular alterations driving PI3K pathway activation in TNBC

Dysregulation of PI3K signalling is one of the most frequently occurring oncogenic
abnormalities observed in TNBC and has been associated with therapeutic resistance (489).
PI3K pathway mutations characterise a significant TNBC subgroup. The occurrence of
mutations in single genes are rare, however, a certain combination of activating and
inactivating mutations are prevalent in approximately 25-30% of advanced TNBC (109). Table
1-8 shows the frequency of key PI3K pathway mutations in TNBC.

Table 1-8: Key PI3K pathway mutations in TNBC (107,109,239,240,472,482,484,490—495).

Gene (alteration) TNBC % Effect on PI3K/AKT/mTOR signalling in TNBC
PIK3CA ~10-15% PIK3CA mutations activate the PI3K pathway by
(activating mutations) increasing PIP3 production, leading to constitutive
AKT/mTOR signalling that promotes survival,
proliferation, and therapy resistance.
TP53 ~60-80% TP53 mutations increase genomic instability and can
(loss/mutation) enhance PI3K pathway activation by disrupting its
regulatory control over genes such as PTEN.
PTEN ~35-57% PTEN loss removes the PIP; to PIP, brake, resulting
(loss/deletion/ (varying due to in PIP; accumulation and subsequent AKT/mTOR
low expression) detection methods) | activation.
INPP4B ~70-80% INPP4B loss or inactivation results in disruption of
(loss/inactivation) its tumour suppressor function leading to increased
levels of PI(3,4)P,, prolonging activation of both
PI3K and ERK pathways, and delaying degradation
of RTKs like EGFR and MET.
AKT <5% AKT activating mutations directly hyperactivate
(activating mutations) AKT and downstream mTOR signalling. AKT
activation by AKT mutations is rare in TNBC, more
often occurring as a result of
PIK3CA/PTEN/INPP4B alterations.
PIK3R1 ~6% Mutations or loss of PIK3RI (the p85a regulatory
(regulatory subunit subunit of pll10a) leads to impaired negative
mutations /loss) regulation of p110a and increased PI3K signalling.
AKT3 (amplification) ~14% AKT3 amplification in TNBC drives aggressive
tumour growth and proliferation primarily by
suppressing p27 and  hyperactivating  the
PI3K/AKT/mTOR signalling pathway.
MTOR ~1.8% Although MTOR mutations are rare in TNBC, they
(activating mutations) drive hyperactivation of the mTOR pathway to
promote tumour cell proliferation and survival.
PTEN loss represents a more prevalent mechanism
of mTOR signalling activation.

Abbreviations: PIK3R] = phosphoinositide-3-kinase, regulatory subunit 1.
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1.6. Targeting the PI3K pathway

Inhibitors targeting different elements of the PI3K/AKT/mTOR pathway have been developed

in an attempt to impede signalling and ultimately prevent the growth and spread of cancer
(423).

1.6.1. PI3K inhibitors

PI3K inhibitors fall under three categories dependent on their target(s); pan, isoform-selective,
and dual inhibitors. Some of these inhibitors have received FDA approval for various
indications (see Figure 1-14) whilst others are still under preclinical and clinical investigation
(496).This section will focus primarily on FDA-approved PI3K inhibitors, with brief mention
of inhibitors that have been or are currently being tested in phase III trials, but have not yet

received regulatory approval.

hormones, O O

growth factors, O

cytokir’les/ \

PI(3.,4,5)P3

Class IB

pllOv p110a j— Alpelisib ;
p110B Inavolisib . '
Duvelisib —] p1105 — Idelalisib mTOR signalling

Figure 1-14: Approved PI3K inhibitors. Isoform-selective PI3K inhibitors include alpelisib,
idelalisib, and duvelisib. Duvelisib is specific for both the p1105 and p110y isoforms. Approved in BC
shown in red; approved in other solid tumours shown in green (496—499).
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1.6.1.1.Pan-PI3K inhibitors

Pan-PI3K inhibitors are named with such prefix as they target all isoforms of the class-I PI3K
catalytic subunit (p110-a, -B, -3, and -y) (500). During the early stages of PI3K-targeted drug
investigations, when the structure of the PI3K protein had not yet been fully elucidated,
inhibitors targeting all four isoforms were primarily developed. Different p110 isoforms are
frequently associated with varying functions, such as glucose metabolism, and targeting them
all can therefore lead to increased safety risks, specifically adverse events related to glucose

metabolism, e.g. hyperglycaemia (496).

Copanlisib

Copanlisib (Aligopa) is an intravenous pan-class I PI3K inhibitor with selectivity for the a and
0 isoforms. It was initially approved by the FDA in 2017 for relapsed follicular lymphoma
based on the CHRONOS-1 trial but has since been withdrawn from the U.S. market following
the failure of the confirmatory phase III CHRONOS-4 trial to demonstrate a significant
improvement in PFS (501,502).

In BC, copanlisib has been evaluated in several clinical trials. A phase Ib trial (NCT02705859)
combining copanlisib with trastuzumab in heavily pretreated HER2-positive BC patients
showed preliminary evidence of tumour stability (503). A phase II study of copanlisib in
patients with PIK3CA-mutated tumours reported an ORR of 16% and clinical benefit rate of
36% (504). Additionally, a phase Ib/II trial assessing the combination of copanlisib with
eribulin in metastatic TNBC demonstrated enhanced tumour growth inhibition and apoptosis

induction, irrespective of PI3K pathway alterations (505).

Despite these promising findings, copanlisib is not approved for BC, and ongoing trials
continue to explore its efficacy and safety in combination therapies for both HER2-positive

and TNBC subtypes (5006).

Buparlisib

Buparlisib (BKM120) is an oral, pan-class I PI3K inhibitor developed by Novartis for the
treatment of various cancers, including BC. In clinical trials, buparlisib has been evaluated in
other therapies. The BELLE-2 trial assessed buparlisib plus fulvestrant in patients with HR-
positive, HER2-negative BC who had progressed on prior endocrine therapy. While the
combination showed a significant improvement in PFS compared to fulvestrant alone, it was

associated with increased toxicity, leading to the discontinuation of the study (507).
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Similarly, the BELLE-3 trial, which included patients who had progressed on mTOR inhibitors,
was terminated due to excessive side effects. The BELLE-4 trial, evaluating buparlisib plus
paclitaxel in HER2-negative BC, did not meet its primary endpoint of improved PFS and was
stopped (508,509). Additionally, a phase II study (NCT01790932) of buparlisib in metastatic
TNBC reported a clinical benefit rate of 12%, with no confirmed objective responses. Despite
its preclinical promise, buparlisib has not been approved for BC treatment, and Novartis has

decided not to pursue further development of buparlisib for BC (510).
1.6.1.2.Isoform-selective PI3K inhibitors

Isoform-selective PI3K inhibitors target specific isoforms of PI3K, unlike pan-PI3K inhibitors,
which broadly inhibit multiple isoforms. These selective inhibitors were developed to allow
higher dosing while minimising adverse events associated with pan-PI3K inhibitors, such as
hyperglycaemia, diarrhoea, and immune suppression. By reducing off-target effects, isoform-
selective inhibitors offer a safer therapeutic profile. However, their narrower selection criteria
mean they are suitable only for patients with tumour or diseases driven by the specific PI3K

isoform targeted (498,511).
Idelalisib

Idelalisib (Zydelig) is an oral, selective inhibitor of the PI3K5 isoform, developed by Gilead
Sciences. It was FDA-approved in 2014 for the treatment of relapsed chronic lymphocytic
leukaemia (CLL), small lymphocytic lymphoma (SLL), and follicular lymphoma (FL) in

patients who had received at least two prior systemic therapies (512).

A phase Ib study (NCT02044822) assessed its combination with rituximab in previously
untreated CLL patients with a 17p deletion, however, the study was terminated due to an
observed rate of serious adverse events and deaths (512). There are currently no clinical trials

assessing idelalisib in BC or TNBC.
Duvelisib

Duvelisib (Copiktra), a dual inhibitor of PI3K 6 and y isoforms, has been extensively evaluated
in clinical trials for hematologic malignancies, demonstrating efficacy in B-cell disorders. The
pivotal phase III DUO trial (NCT02004522) compared duvelisib monotherapy to ofatumumab
in 319 patients with CLL or SLL, yielding a median PFS of 13.3 months vs. 9.9 months (HR
0.52) and an ORR of 74% vs. 45% (513,514). Based on these results, duvelisib received FDA
approval in 2018 for relapsed/refractory CLL/SLL after at least two prior systemic therapies.
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Duvelisib also received accelerated approval for FL based on results from the DYNAMO trial
(NCTO01882803), however, approvals were voluntarily withdrawn for this indication due to

logistics and costs, not safety or efficacy (515,516).

The phase III TERZO trial (NCT06522737) is currently recruiting patients to evaluate
duvelisib versus standard gemcitabine or bendamustine in patients with T-cell lymphoma with
T follicular helper (TFH) phenotype (nTFHL), including angioimmunoblastic T-cell
lymphoma (AITL). This study aims to confirm PFS superiority based on the phase II PRIMO
trial’s (NCT03372057) 48% ORR (517,518). There are currently no clinical trials assessing
idelalisib in BC or TNBC.

Alpelisib

Alpelisib (Piqray/BYL719), a selective PI3Ko inhibitor, has been clinically evaluated
primarily for HR-positive, HER2-negative advanced BC with PIK3CA mutations. Significant
outcomes were reported in the phase III SOLAR-1 trial (NCT02437318), which demonstrated
median PFS of 11.0 months for alpelisib plus fulvestrant versus 5.7 months for placebo plus
fulvestrant (HR 0.65) in patients with PIK3CA-mutated advanced BC. These results led to
alpelisib’s FDA approval in 2019 for this indication. The trial reported an ORR of 26.6% vs.
12.8% in the placebo arm, with common adverse events including hyperglycaemia and

diarrhoea (454,458).

The phase III EPIK-B3 trial (NCT04251533) is ongoing, assessing alpelisib with nab-
paclitaxel in advanced TNBC with PIK3CA mutations or PTEN loss, but results are not yet
published. A phase II trial (NCT04216472) is also currently evaluating the same combination
as neoadjuvant treatment for anthracycline-refractory early-stage TNBC with PIK3CA or
PTEN alterations (246,519).

Inavolisib

Inavolisib (also known as GDC-0077 / Itovebi) is an investigational, oral, highly selective
PI3Ka inhibitor designed to target tumours with P/IK3CA mutations. It has a dual mechanism
of action: in addition to inhibiting the catalytic activity of mutant pl110a, it facilitates
degradation of the mutated protein (520). In the Phase III INAVO120 trial (NCT04191499),
inavolisib in combination with palbociclib and fulvestrant more than doubled PFS compared

to palbociclib + fulvestrant alone (15.0 vs. 7.3 months; HR = 0.43). The regimen was generally
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well tolerated, with no new safety signals beyond those expected from the individual drugs

(521,522).

In October 2024, the FDA approved inavolisib in combination with palbociclib and fulvestrant
for adults with endocrine-resistant, PIK3CA-mutated HR-positive, HER2-negative, locally
advanced or metastatic BC, as detected by an FDA-approved test, following recurrence on or

after adjuvant endocrine therapy (523).
Taselisib

Taselisib (GDC-0032), a potent, selective PI3K inhibitor targeting the o, 3, and y isoforms with
enhanced activity against PIK3CA-mutated tumours, has been investigated primarily in HR-
positive, HER2-negative advanced BC. The phase III SANDPIPER trial (NCT02340221)
demonstrated a modest improvement in median PFS of 7.4 months with taselisib plus
fulvestrant vs. 5.4 months with placebo plus fulvestrant (HR 0.7) in patients with PIK3CA-
mutated advanced BC, achieving an ORR of 28% vs. 11.9%. Despite these results, taselisib’s
development was halted due to limited clinical utility and significant toxicities and it has not

received FDA approval for any indication (524).

Taselisib was evaluated in HER2-negative BC in early phase trials (e.g. NCT01862081)

combining taselisib with anti-PD-L1 therapies, but significant efficacy was not reported (525).
1.6.1.3.Dual PI3K/mTOR inhibitors

Both the PI3K and mTOR proteins are critical members of the PI3K/AKT/mTOR pathway,
which has led to the recent development of inhibitors targeting both enzymes. This dual
targeting allows for both the inhibition of cell proliferation and promotion of apoptosis. As of
yet, there are no approved dual PI3K/mTOR inhibitors, however a variety of inhibitors of this

kind have been or are currently being pre-clinically and clinically investigated (526).
Gedatolisib

Gedatolisib, a pan-PI3K/mTOR inhibitor, has shown significant efficacy in HR-
positive/HER2-negative advanced BC. The phase III VIKTORIA-1 trial (NCT05501886)
reported a 76% reduction in progression risk (median PFS 9.3 vs. 2.0 months, HR 0.24) for the
triplet regimen of gedatolisib, palbociclib, and fulvestrant, and a 67% reduction (median PFS

7.4 months, HR 0.33) for the doublet gedatolisib and fulvestrant in PIK3CA-WT patients,
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versus fulvestrant alone (527). These results have led to a New Drug Application which was

accepted by the FDA in August 2025 (528).

1.6.2. AKT inhibitors

AKT inhibitors are a class of targeted therapeutics designed to block the activity of AKT with
the aim of disrupting aberrant PI3K/AKT signalling. AKT inhibitors can be used alone or in
combination with other therapies to enhance efficacy while addressing resistance mechanisms.

There is currently only one approved AKT inhibitor (424).

Capivaserith

Capivasertib (Truqap), is a first-in-class, orally bioavailable AKT inhibitor targeting all three
AKT isoforms (AKT1/2/3) in the PI3K/AKT signalling pathway. Approved by the FDA in
2023, it is used in combination with fulvestrant to treat HR-positive, HER2-negative, locally
advanced or metastatic BC with PIK3CA, AKT1, or PTEN alterations, following progression
on endocrine therapy. The phase III CAPItello-291 trial (NCT04305496) demonstrated that
capivasertib plus fulvestrant doubled PFS (7.3 vs. 3.1 months, HR 0.50) compared to placebo

plus fulvestrant in patients with these alterations (474).

The phase III CAPItello-290 trial (NCT03997123) evaluated capivasertib combined with
paclitaxel as first-line treatment for locally advanced or metastatic TNBC. However, it did not
meet its primary endpoints of improving OS in either the overall population or patients with
PIK3CA/AKTI/PTEN alterations, though PFS showed improvement in the latter group (7.5 vs.
5.6 months, HR 0.70) (529).

1.6.3. mTOR inhibitors

mTOR inhibitors block the mTOR protein kinase downstream of PI3K and AKT, disrupting
aberrant signalling pathways, slowing tumour progression, and overcoming treatment
resistance. Often combined with chemotherapy or other targeted therapies, they enhance

outcomes in advanced or metastatic BC cases (530).
Everolimus

Everolimus, an mTOR inhibitor, was approved by the FDA in 2012 for use in combination
with exemestane in postmenopausal women with advanced HR-positive, HER2-negative BC
following progression on aromatase inhibitors. This approval was based on the phase III

BOLERO-2 trial (NCT00863655), which demonstrated improved PFS (7.8 vs. 3.2 months, HR
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0.45) but no OS benefit (531). The subsequent phase III BOLERO-3 trial (NCT01007942)
demonstrated modest PFS improvements (7.0 vs. 5.8 months, HR 0.78) in HER2-positive
disease when combined with trastuzumab and vinorelbine, while BOLERO-1 (NCT00876395)
found no overall PFS benefit in first-line HER2-positive settings (532).

In the 2022 SWOG S1207 phase III adjuvant trial (NCT01674140) for high-risk HR-positive,
HER2-negative BC, everolimus added to endocrine therapy yielded no significant invasive
disease-free survival (iDFS) or OS benefits overall, though premenopausal patients improved
(533). The 2025 ELEVATE phase Ib/II trial (NCT05563220) reported promising results for
elacestrant plus everolimus in ER-positive/HER2-negative metastatic BC post-CDK4/6
inhibitor treatment, with a median PFS of 8.3 months and a 25% ORR (534).

In TNBC, a phase II neoadjuvant trial of cisplatin and paclitaxel with or without everolimus

showed no pCR improvements and increased adverse events (535).
Temsirolimus

Temsirolimus, an mTOR inhibitor approved by the FDA in 2007 for advanced renal cell
carcinoma, showed modest activity (ORR 9.2%, median time to tumour progression (MTT) 12
weeks) in a phase II trial of 109 pretreated metastatic BC patients at 75 mg weekly IV, but
higher toxicity at 250 mg (536).

The phase III HORIZON trial (NCT00083993) of temsirolimus plus letrozole versus placebo
in first-line HR-positive advanced BC found no overall improvement in PFS or OS (537). A
phase I/II trial (NCTO1111825) with neratinib in trastuzumab-refractory settings showed
limited efficacy in heavily pretreated TNBC (538). Similarly, a phase II neoadjuvant
doxorubicin, bevacizumab, temsirolimus/everolimus (DAT) trial in mesenchymal/metaplastic
subtypes post-anthracycline yielded no pCR and grade 3 neutropenia/mucositis in 18% each

(539).
Sirolimus

Sirolimus (Rapamycin), an mTOR inhibitor approved by the FDA in 1999 for renal transplant
rejection prevention, showed clinical activity in a phase II trial (NCT00411788) of 6 mg daily
oral sirolimus plus trastuzumab in trastuzumab-refractory HER2-positive metastatic BC. In 9
evaluable patients, it achieved an ORR of 11% and a clinical benefit rate (CBR) of 44%, and
was well tolerated with grade 3 toxicities including pneumonitis and myelosuppression (540).

In HR-positive advanced BC, a retrospective study of 36 patients on sirolimus (2 mg/day) plus
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endocrine therapy reported a median PFS of 4.9 months with tolerable toxicity (mostly grade
1-2, lipid disorders common (69.4%)) (541).

In preclinical TNBC models sirolimus and cyclophosphamide showed synergy in suppressing

tumour growth and metastasis, but no dedicated clinical trials have been reported (542).
1.6.4. Resistance to PI3K/AKT/mTOR inhibitors in cancer

Despite recent advances in the development of inhibitors that target the PI3K/AKT/mTOR
pathway, patients often eventually develop resistance to these drugs. This occurs as a result of
adaptive responses or compensatory mechanisms, which lead to pathway reactivation or other
resistance mechanisms, and thus limit the effectiveness of PI3K/AKT/mTOR inhibitors (463).

Mechanisms of resistance to these inhibitors are summarised in Table 1-9.

55



Table 1-9: PI3K/AKT/mTOR inhibitor resistance mechanisms (412,451,543-558).

AKT overexpression

Mechanism Subcategory Effect

Genetic Alterations* PIK3CA mutations Hyperactivates PI3K, reduces inhibitor sensitivity.
PTEN loss Upregulates PI3K/AKT, causes PI3K/mTOR inhibitor resistance.
AKTI mutations Enhances survival, lowers inhibitor efficacy.
RAS/BRAF mutations Activates MAPK, bypasses pathway inhibition.

Feedback Loops Hyperinsulinemia Reactivates PI3K/AKT via insulin signalling.
RTK reactivation Upregulates PI3K/MAPK via EGFR, HER2, MET, etc.
mTORC, feedback Reinstates PI3K/AKT, reduces mTOR inhibitor effect.
SGK activation Compensates AKT loss, sustains mTORC; activity.

Parallel Pathways MAPK/ERK activation Compensates via ERK, weakens pathway inhibition.
RAS/RAF/MEK/ERK Activates alternative pathways, reduces efficacy.
Wnt/B-catenin Promotes tumour growth, contributes to resistance.

Secondary Mutations PIK3CB mutations Increases p110p activity, resists PI3K inhibitors.
MTOR mutations Sustains mTOR signalling, bypasses inhibition.

Elevates AKT, reduces inhibitor potency.

Metabolic Adaptations

Autophagy upregulation
Metabolic rewiring

Promotes survival under PI3K/mTOR inhibition.
Sustains growth via alternate energy pathways.

Microenvironment

Stromal signalling
Isoform compensation

Reinstates pathway via cytokine/GFs.
p110B/d compensates for pl10a inhibition.

*While genetic alterations of the PI3K/AKT/mTOR pathway can sensitise cells to pathway inhibitors, some may cause pathway reactivation and co-occurring

alterations can lead to inhibitor resistance.
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Progress made in the identification and development of inhibitors selectively targeting the
PI3K/AKT/mTOR pathway was initially thought to be a promising approach to the treatment
of various cancer types, including BC. However, results from clinical trials have not lived up
to this initial enthusiasm with a majority of PI3K inhibitors not advancing past pre-clinical
studies or early-phase trials. Limitations associated with these inhibitors include poor patient
selection and toxicities related to necessary therapeutic doses. Adaptive responses following
exposure to PI3K inhibitors may contribute to the requirement for these increased therapeutic
doses and further drug resistance may be acquired via mechanisms such as those described in
Table 1-9. These mechanisms provide considerable justification for the use of specific drug

combinations to overcome resistance (463,551).

1.6.5. Rationale for targeting PI3K pathway alterations in the context of
TP53 dysfunction

Although individual genomic alterations contribute to TNBC pathogenesis, their clinical
impact may be amplified when they converge on complementary oncogenic processes. In
particular, the high prevalence of 7P53 mutations in TNBC, together with frequent activation
of the PI3K/AKT/mTOR pathway, suggests biologically relevant cooperation with therapeutic

implications .

As previously outlined, 7P53 mutations are present in approximately 60-80% of TNBC cases
and disrupt cell cycle arrest, DNA damage responses, and apoptosis, enabling survival of
genomically unstable tumour cells (559). In this context, pro-survival signalling pathways such
as PI3K/AKT/mTOR may become critical for tumour maintenance (412). Mutant p53 has been
shown to enhance PI3K pathway activity through mechanisms including PTEN suppression
(560) and modulation of upstream receptor signalling, supporting functional crosstalk between

these pathways (561,562).

While PIK3CA mutations occur at a lower frequency (~10-15% of TNBC) (563,564), PI3K
pathway activation extends beyond mutational events and may arise through PTEN loss, AKT
activation, or RTK signalling (565,566). Importantly, co-occurring 7P53 and PIK3CA
alterations have been associated with worse survival and increased therapeutic resistance
compared to either alteration alone, suggesting the existence of a biologically aggressive subset

characterised by impaired apoptotic control and sustained proliferative signalling (237).
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Despite substantial clinical investigation, PI3K/AKT/mTOR inhibitors have demonstrated
limited efficacy as monotherapy in TNBC, likely due to adaptive resistance and pathway
redundancy. These observations underscore the need for improved molecular stratification and
for rational combination strategies targeting survival dependencies in genomically defined

TNBC subsets (567).

The interaction between 7P53 dysfunction and PI3K pathway activation therefore provides a
strong biological and clinical rationale for further characterisation of this co-altered population

and for exploration of targeted therapeutic approaches.
1.7. Summary

Resistance to conventional therapeutic approaches is commonly observed in TNBC, providing
rationale for the identification of targeted therapeutic options. Recent years have seen the
development of such therapies, however there are only a few which have been granted approval
for the treatment of TNBC. The PI3K pathway is frequently dysregulated in TNBC, however
no PI3K inhibitors have been approved for use in this specific subtype. In addition to this,
results from clinical trials of PI3K inhibitors have demonstrated suboptimal patient response
due to poor patient selection and mechanisms of resistance, although this may be overcome

with the use of specific drug combinations.

Given the high prevalence of TP53 mutation in TNBC, this study explored the mechanisms
driving resistance to PI3K inhibition within this genetic background and assessed rational
combination strategies incorporating PI3K inhibitors and repurposed clinically approved drugs

to enhance treatment response.
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1.8. Study aims and objectives

Hypothesis: Concurrent 7P53 dysfunction and PI3K pathway activation define a biologically
distinct and clinically aggressive subgroup of TNBC characterised by poor prognosis, altered
molecular signalling, and reduced sensitivity to PI3K-targeted therapy. Furthermore, 7P53
mutation status — including specific 7P53 variants — modulates response to PI3K inhibition,
and combination strategies targeting compensatory pathways can overcome resistance and

reveal therapeutically actionable vulnerabilities.

Overall Aim: The overarching aim of my PhD project is to investigate the biological, clinical,
and therapeutic significance of concurrent 7P53 mutation and PI3K pathway activation in
TNBC, and to determine whether this co-altered state defines a distinct high-risk disease
subgroup with unique molecular characteristics and therapeutic vulnerabilities. Through
integrated analyses of patient cohorts, TNBC cell lines, and isogenic models, this project
characterises the impact of 7P53-PI3K pathway interactions on tumour biology, prognosis, and
treatment response, while identifying mutation-specific mechanisms of drug sensitivity and

resistance to inform precision medicine strategies for TNBC patients.

Specific Objectives:

1. To determine whether concurrent 7P53 mutation and PI3K pathway activation
define a distinct high-risk subgroup of TNBC. This objective aimed to establish the
clinical and biological significance of 7P53-PI3K pathway co-alteration in TNBC.
Using the METABRIC and TCGA cohorts, I assessed the prevalence of 7P53-PI3K?*!
tumours, their association with patient outcomes, and their clinicopathological,
genomic, and transcriptomic characteristics. The goal was to determine whether 7P53-
PI3K**' represents a biologically distinct disease state beyond existing TNBC
classification systems.

2. To investigate the impact of 7P53 mutations on sensitivity to PI3K-targeted
therapy in TNBC. This objective examined whether 7P53 dysfunction contributes to
the limited efficacy of PI3K inhibitors observed in TNBC. Using mutation-stratified
TNBC cell lines, I evaluated responses to the PI3Ka inhibitor alpelisib and compared
sensitivity across 7P53-mutant (MUT), PIK3CA-MUT, and TP53/PIK3CA co-mutant
models. This allowed assessment of 7P53 mutations as potential biomarkers of

resistance to PI3K inhibition.
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3. To evaluate whether combined PI3K and RTK inhibition can overcome resistance
in TP53/PIK3CA co-mutant TNBC. This objective tested the hypothesis that adaptive
RTK signalling contributes to resistance following PI3K inhibition. Through drug
combination studies involving alpelisib and RTK inhibitors, particularly crizotinib, I
assessed antiproliferative and apoptotic responses in TNBC models and investigated
the molecular mechanisms underlying therapeutic synergy using proteomic and
signalling analyses.

4. To determine how distinct 7P53 mutation classes influence therapeutic response
and PI3K pathway dependence. This objective addressed the functional heterogeneity
of TP53 mutations using a panel of isogenic MCF10A models harbouring different
TP53 alterations alone or in combination with a PIK3CA alteration. By comparing
responses to alpelisib, crizotinib, and combination treatment, I investigated how
specific 7P53 variants shape signalling networks, drug sensitivity, and resistance

mechanisms, with the aim of identifying mutation-specific therapeutic vulnerabilities.

Collectively, these objectives sought to improve our understanding of 7P53-PI3K-driven

TNBC biology and inform the development of more effective targeted therapies.
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2.Methods and materials
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2.1. Identification and characterisation of 7P53-PI3K?**t TNBC

2.1.1. Study design overview

This study was designed to define and comprehensively characterise a biologically and
clinically high-risk subgroup of TNBC defined by co-occurring 7P53 mutation and PI3K
pathway activation (hereafter referred to as TP53-PI3K*'). Two independent, publicly
available BC cohorts were used in this study: the Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC) cohort and the Cancer Genome Atlas (TCGA) Breast
Invasive Carcinoma cohort. These cohorts were selected due to the availability of

comprehensive genomic, transcriptomic, clinical, and survival data.
The study followed a structured, multi-stage analytical framework:

1. Definition of a TP53-PI3K*** subgroup: We first evaluated the survival impact of
TP53-PIK3CA co-mutation in TNBC relative to 7P53-only mutant and subsequently
tested additional PI3K-pathway alterations to determine which events were associated
with comparable adverse prognosis. Based on these analyses, a survival-associated

definition of PI3K pathway activation (PI3K*") was established.

2. Cross-cohort validation and survival modelling: The prevalence, co-occurrence, and
prognostic impact of TP53-PI3K**' were assessed independently in METABRIC and
TCGA. Survival analyses included univariable and multivariable modelling,
proportional hazards (PH) testing, and alternative survival metrics where PH

assumptions were violated.

3. Clinical and molecular characterisation: Clinical features, intrinsic molecular
subtype distributions, and co-occurring genomic alterations were compared between
mutation-defined subgroups (7P53-PI3K?®", TP53-only, PI3K**-only, and non-altered)
to determine whether 7P53-PI3K** tumours represent a distinct clinicopathological

entity.

4. Transcriptomic and pathway-level profiling: Differential gene expression and gene
set enrichment analyses (GSEAs) were conducted to identify biological programmes
associated with 7P53-PI3K*®, Single-sample GSEA (ssGSEA) scores were generated

to quantify pathway activity at the tumour level.”
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5. Protein-level validation: RPPA data from TCGA were analysed to determine whether

transcriptional differences were reflected at the protein and phospho-protein level.

All analyses were performed separately in each cohort to account for differences in clinical
annotation, TNBC definition, molecular profiling platform, and sample composition.
Reproducible patterns observed across both datasets were interpreted as robust features of the

TP53-PI3K** subgroup.

2.1.2. Cohort selection and definition of TNBC

2.1.2.1. METABRIC cohort
2.1.2.1.1. Study background

The METABRIC study is a large-scale BC genomics project that profiled over 2,000 primary
breast tumours with long-term clinical follow-up. Tumours were analysed using targeted
sequencing for somatic mutations and high-resolution single nucleotide polymorphism (SNP)
arrays for copy number alterations (CNAs) alongside gene expression profiling using Illumina
microarrays. Clinical data include tumour size, nodal status, histologic grade, intrinsic
molecular subtype classification, treatment information, and long-term survival outcomes,
including OS and relapse-free survival (RFS). The depth of clinical annotation and extended
follow-up made METABRIC particularly suitable for survival modelling and multivariable
prognostic analyses (568,569).

All METABRIC data were accessed through cBioPortal. Only primary tumour samples with
available mutation, copy number (CN), survival, and mRNA expression data were retained for

downstream analyses.
2.1.2.1.2. TNBC definition in METABRIC

TNBC samples in METABRIC were defined using the clinical receptor-status annotations for
ER-, PR-, and HER2-negative. ER and HER2 status were predominantly measured by IHC
when available, while PR status was not consistently assessed by IHC and was derived from
clinical pathology reports. Samples negative for ER, PR, and HER2 were classified as TNBC
(570). After applying these criteria, n = 320 TNBC patients were identified in METABRIC, of
which n = 299 had available mutation and CNA data.
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2.1.2.2. TCGA cohort
2.1.2.2.1. Study background

The TCGA-BRCA cohort is a comprehensive multi-omics dataset encompassing genomic,
transcriptomic, and clinical data from over 1,000 BC patients. The cohort includes extensive
clinical annotations, histopathology, and molecular profiling, allowing for integrative analyses
of BC subtypes. Data were accessed through cBioPortal (TCGA, PanCancer Atlas dataset),
which provides harmonised clinical and molecular data for consistent downstream analyses

(571).
2.1.2.2.2. TNBC definition in TCGA

In TCGA, TNBC samples were defined based on the basal PAMS50 molecular subtype, rather
than directly using ER, PR, or HER2 receptor status. While IHC-based receptor status is
available in the older Firehose Legacy dataset, these measurements are not fully harmonised or
standardised across samples. The PanCancer TCGA dataset provides harmonised clinical and
molecular data, but it does not include IHC receptor status. Using the basal PAMS50 subtype
therefore allows for a consistent, transcriptomics-based definition of TNBC that aligns with its
molecular characteristics and ensures comparability across samples (571). A total of n = 171
basal PAM50 TNBC patients were identified in TCGA, all of whom had mutation and CNA

data available.
2.1.2.3. Independent cohort analysis

Analyses were carried out independently for each cohort (METABRIC and TCGA) to avoid
introducing biases from cross-cohort harmonisation. Each dataset was processed and analysed
using its respective TNBC definitions — clinical receptor status in METABRIC and basal
PAMS50 subtype in TCGA — allowing results to be compared across cohorts while preserving
cohort-specific data characteristics. This approach also accounts for potential differences in

measurement platforms and TNBC definitions between the two studies.

2.1.3. Genomic alterations and definition of 7P53-PI3K?

2.1.3.1. Mutation and copy number data

Somatic mutations and CNAs were obtained from cBioPortal. In METABRIC, mutations were
measured using targeted gene panel sequencing and CNAs were derived from Affymetrix SNP
6.0 arrays (569). In TCGA, mutations were measured by WES, and CNAs were also derived
from SNP 6.0 arrays (571,572).
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Somatic mutation and CNA data were extracted for genes involved in 7P53 and PI3K pathway
signalling, including TP53, PIK3CA, AKT1, PTEN, PIK3R1, and AKT3. All non-synonymous
coding variants were included in analyses, without restriction by variant class due to limited
sample sizes; however, the majority of identified variants were annotated as putative drivers in
the respective cohort databases. PTEN deletion was defined as a homozygous deletion, and
gene amplifications were defined according to cohort-specific CNA thresholds reported in the

METABRIC and TCGA datasets (568,571).
2.1.3.2. Definition of 7P53-PI3K?*t TNBC cohort

To identify PI3K-pathway alterations associated with adverse survival in TP53-MUT TNBC,
Cox PH models were fitted in the METABRIC cohort comparing 7P53-MUT tumours carrying
each individual PI3K-related alteration versus 7P353-only tumours (see Section 3.5. for
additional details on the survival analysis). The alterations evaluated included PIK3CA
mutation, AKT] mutation, PTEN deletion, PIK3R[ mutation, AKT3 amplification, PIK3CA
amplification, and PTEN mutation. Notably, within the METABRIC TNBC cohort there was
only a single AK72-mutant tumour and no AK73 mutations detected; therefore, these were
excluded due to insufficient sample size. Based on their survival impact, PI3K**' was defined
as the presence of PIK3CA mutation, AKTI mutation, or PTEN homozygous deletion. The
TP53-PI3K*' subgroup was subsequently defined as tumours harbouring a 7P53 mutation
together with at least one PI3K** alteration. For downstream analyses, four mutation-defined

groups were considered:

o TP53-PI3K*

e TP53-only

e PI3K*'-only

e Non-altered tumours (WT for TP53, PIK3CA, and AKT1, with no PTEN deletion)

2.1.4. Co-occurrence analysis

Co-occurrence of 7P53 mutations and PI3K** alterations in TNBC was assessed independently
in the METABRIC and TCGA cohorts. For each cohort, the observed number of tumours
harbouring both 7P53 mutations and >1 PI3K?®" alteration (7P53-PI3K*®") was compared to the

expected number under the assumption of independent events, calculated as:

Expected TP53-PI3K*' = TP53-MUT x PI3K*
Total TNBC patients
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To test for statistical association, a two-sided Fisher’s exact test was applied using a 2x2
contingency table of 7P53 mutation status (mutant vs. WT) and PI3K status (activated vs. non-
activated) (573). Odds ratios (ORs) and 95% confidence intervals (Cls) were calculated for
each cohort. Additionally, permutation analysis was performed by randomly shuffling mutation
labels across patients 10,000 times to generate an empirical null distribution of 7P53-PI3K**
counts. A two-sided permutation p-value was calculated as the proportion of iterations in which
the simulated co-occurrence was equal to or exceeded the observed value (574). Fisher’s exact
tests and permutation testing were performed in R (version 4.5.0). All analyses were conducted
separately in METABRIC and TCGA to account for potential cohort-specific differences in

mutation frequencies and cohort sizes.

To further characterise the molecular context of TP53-PI3K** TNBC, additional analyses were
performed to assess enrichment of recurrent somatic mutations, structural variants, and CNAs
relative to 7P53-only tumours using cBioPortal. Multiple-testing correction using the
Benjamini-Hochberg (BH) method was applied to control the false discovery rate (FDR) while
maintaining statistical power across the large number of genomic features tested (575). These
analyses were conducted separately in METABRIC and TCGA to account for differences in

cohort-specific genomic backgrounds.

2.1.5. Survival analysis

2.1.5.1. Endpoints

Survival endpoints were defined according to cohort-specific data availability (obtained

through cBioPortal):

e METABRIC: OS and RFS
e TCGA: OS and disease-specific survival (DSS)

Survival time was measured from the date of diagnosis to the occurrence of the event of interest

(death or relapse) or censoring at last follow-up.
2.1.5.2.  Cox proportional hazards models

Cox PH regression was used to estimate HRs with 95% Cls for survival outcomes across
mutation-defined TNBC subgroups. For univariate analyses, HRs were calculated relative to
the TP53-PI3K** subgroup to directly assess differences in survival compared with this high-
risk group. For multivariable models, HRs were reported relative to 7P53-only tumours,

allowing evaluation of the independent prognostic impact of 7P53-PI3K** after adjustment for
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clinical covariates. Clinical covariates included age at diagnosis, tumour size, nodal status, and
neoplasm histologic grade in METABRIC, and age, nodal status, and tumour stage in TCGA.

PH assumptions were assessed using Schoenfeld residuals, and where violations were detected:

e Univariate analyses: Restricted mean survival time (RMST) analysis was performed
(see Section 3.5.3.).
e Multivariable models: models were stratified or incorporated time-dependent

covariates.

In METABRIC, for OS, the global PH assumption was violated, indicating that the effects of
one or more covariates on the hazard of death changed over time rather than remaining constant
(576); the model was stratified by nodal status and histologic grade, and age at diagnosis was
included as a time-dependent covariate. For RFS, a minor violation was observed for histologic
grade, but the global test was not significant and no stratification was applied. In TCGA, the
global PH was violated for the univariate analysis and therefore RMST analysis was performed
(see Section 3.5.3). PH assumptions were generally satisfied for the multivariable analysis,
although minor violation was observed for the T7P53-PI3K** group, and results were interpreted
with caution. In addition, to assess whether the adverse prognosis of TP53-PI3K** tumours
was independent of intrinsic TNBC transcriptional subtype, multivariable Cox models in
METABRIC were stratified by TNBC subtype with 7P53-PI3K*' set as the reference group,

while adjusting for standard clinical covariates.

All Cox models were implemented in R using the survival package (version 3.8-6), with HRs
reported as described for univariate and multivariable analyses. Survival distributions were
visualised using Kaplan Meier (KM) curves with accompanying risk tables, generated using

the ggplot2 package (version 4.0.1) in R.
2.1.5.3. Restricted Mean Survival Time analysis

For the TCGA cohort, PH assumptions were not satisfied. Therefore, survival was also
evaluated using Restricted Mean Survival Time (RMST) analysis, which estimates the average
survival time up to a prespecified truncation point (here, 48 months), providing an alternative
measure of survival that does not rely on PH assumptions (577). Differences in RMST between
TP53-PI3K** and TP53-only were calculated (578). Analyses were performed in R using the
suvRM2 package (version 1.0-4), with RMST differences and corresponding p-values

calculated within the package.
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2.1.5.4. Interaction analysis

To evaluate potential synergistic effects between 7P53 mutation and PI3K pathway activation
on survival, interaction terms were included in Cox PH models for OS and RFS in the
METABRIC cohort. Specifically, models incorporated main effects for 7P53 mutation status,
PI3K®! status, and the interaction term 7P53 x PI3K?*!'. HRs and 95% ClIs for the interaction

term were estimated, and statistical significance was assessed using Wald tests.
2.1.6. Clinical characterisation

Clinical variables and tumour annotations for TNBC patients were extracted from cBioPortal
for the METABRIC and TCGA cohorts. Analyses focused primarily on comparisons between
TP53-PI3K** and TP53-only tumours, as TP53-only represents the largest reference group
within TNBC and allows assessment of the incremental clinical impact of PI3K pathway
activation. To provide broader context, categorical and continuous variables were also
evaluated across all four mutation-defined subgroups (7P53-PI3K*®, TP53-only, PI3K**-only,

and non-altered).

Categorical variables were compared using chi-square (y?) tests, while continuous variables
were evaluated using Wilcoxon rank-sum tests or Kruskal-Wallis (KW) tests for multi-group
comparisons. FDR adjustment of p-values was performed using the BH method. Clinical
features analysed included patient demographics (age, menopausal status, vital status), tumour
histology, surgical treatment type, and molecular features (e.g. PAMS50 and integrative cluster
classification, HER2 CN status). For TCGA, a combined hypoxia score was calculated as the
mean of three published signatures (Ragnum, Winter, Buffa), and comparisons across
mutation-defined subgroups were performed using the same non-parametric approach. All

statistical analyses were performed in R.

2.1.7. Gene expression analysis

2.1.7.1.  Differential expression analysis

Differential expression analysis (DEA) was performed to identify transcriptional differences
between TP53-PI3K** and 7P53-only TNBC tumours in the METABRIC and TCGA cohorts.
Analyses were conducted independently for each cohort due to differences in gene expression
profiling platforms and data preprocessing methods. Statistical modelling and visualisation

were implemented in R. When duplicate gene symbols were present in the expression matrix,
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rows were collapsed by calculating the mean expression value across duplicated entries to

generate a single expression value per gene.

Genes were considered significantly differentially expressed if they satisfied both of the

following criteria:

e |log: fold change (L2FC)| > 0.585 (equivalent to >1.5-fold change)
e FDR-adjusted p-value (adj.p) < 0.05 (BH correction)

Significant genes were classified as upregulated (positive L2FC; i.e. higher expression) or
downregulated (negative L2FC; i.e. lower expression) in 7P53-PI3K*®' tumours relative to

TP53-only tumours.

Volcano plots were generated to visualise differential expression results by plotting L2FC
against -logio(adj.p). Genes meeting significance thresholds were highlighted according to

direction of change, and the most significant genes were annotated on the plot.

To visualise gene expression patterns across tumours, heatmaps were generated using the
pheatmap package (version 1.0.13) for the top-ranked differentially expressed genes based on
adj.p. Expression values were z-score scaled across samples to emphasise relative expression
differences, and hierarchical clustering was applied to both genes and samples. Tumour
samples were annotated according to mutation-defined subgroup to facilitate visual comparison

of transcriptional patterns.
2.1.7.1.1. METABRIC

Gene expression data for the METABRIC cohort were obtained from cBioPortal. Expression
measurements were generated using the Illumina HumanHT-12 v3 microarray platform and
provided as logz-transformed probe intensity values representing continuous mRNA expression
levels. Expression data were imported into R and subset to ensure that only the TNBC patients
were retained in the study. METABRIC expression values were batch-corrected to remove
cohort-specific effects while preserving biological differences between mutation-defined
groups. Principal component analysis (PCA) showed that major components were initially
driven by cohort, and batch correction reduced this effect without altering group structure. DEA
was conducted using the limma R package (version 3.64.3). This method fits linear models for
each gene and applies empirical Bayes moderation to improve variance estimation (579),
allowing robust identification of genes with altered expression between 7P53-PI3K**' and

TP53-only tumours.
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2.1.7.1.2. TCGA

Gene expression data for the TCGA cohort were obtained from the TCGA PanCancer Atlas
dataset in cBioPortal. Expression measurements were derived from RNA sequencing
performed on the Illumina HiSeq platform and quantified as batch-normalised RNA-Seq by
Expectation Maximisation (RSEM) expression values. Expression matrices were subset to
include only the basal-like TNBC samples retained for analysis. Where genes lacked an official
Hugo symbol, missing symbols were filled by mapping the Entrez ID to the corresponding
gene symbol using the org.Hs.eg.db annotation database. Differential expression between
TP53-PI3K*' and TP53-only TNBC was assessed using the limma package with voom-
transformed expression values. Voom converts count data to logr.expression values with
associated precision weights, allowing linear modelling analogous to that applied to the

METABRIC microarray dataset, thereby enabling cross-cohort comparability (579).
2.1.7.2.  Gene set enrichment analysis

To investigate whether transcriptional differences between 7TP53-PI3K* and TP53-only
TNBC tumours were associated with specific biological pathways, gene set enrichment
analysis (GSEA) was performed independently for each cohort. Genes were ranked according
to a composite score combining direction and significance of differential expression, calculated
as the product of L2FC and -logio(adj.p). Small deterministic offsets were added to break ties,
and genes were sorted in descending order to generate a ranked gene list suitable for GSEA.
Pathway-level analyses were conducted using the fgsea R package (version 1.34.2), which
implements a fast pre-ranked GSEA algorithm (580). Two collections of gene sets were

evaluated:

e Hallmark gene sets, representing curated biological processes,

e Reactome gene sets, representing canonical signalling and metabolic pathways.

For each pathway, normalised enrichment scores (NES) and adj.p were calculated. Pathways
with an FDR < 0.05 were considered significantly enriched. Leading-edge genes driving the
enrichment signal were extracted for downstream interpretation. Results were visualised using
dot plots, with NES on the x-axis, pathways on the y-axis, point size reflecting -logio(adj.p),

and colour indicating gene set collection (Hallmark or Reactome).

To assess cross-cohort concordance at the level of pathway-driving genes, overlap of leading-

edge gene sets was quantified for pathways that achieved at least nominal significance (p <
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0.05) in both METABRIC and TCGA. Leading-edge genes, defined as the subset of genes
contributing most strongly to the enrichment signal in each pathway (581), were extracted from
the GSEA results and used as a refined representation of pathway activity. Concordance
between cohorts was measured using the Jaccard index (J), defined as the size of the
intersection divided by the size of the union of leading-edge gene sets for each corresponding

pathway:

J= Shared leading-edge genes

Total unique leading-edge genes

Jaccard indices were calculated independently for all overlapping significant pathways,
enabling quantitative comparison of gene-level consistency underlying shared pathway
enrichment signals. This approach allowed assessment of whether similar biological processes
were driven by conserved or divergent gene subsets across datasets, beyond pathway-level

enrichment statistics alone (582).
2.1.7.3.  Single-sample GSEA

To assess pathway activity at the individual tumour level, single-sample GSEA (ssGSEA) was
performed using the GSVA R package. Unlike conventional GSEA, which evaluates
enrichment between predefined groups, ssGSEA calculates an enrichment score for each gene
set within each individual sample, enabling assessment of tumour-level pathway activity and

heterogeneity.

Pathways selected for ssGSEA were derived from the GSEA results. Gene sets were obtained
from the Hallmark and Reactome collections in the MSigDB database using the msigdbr R
package. ssGSEA enrichment scores were calculated independently for the METABRIC and
TCGA expression datasets. Individual pathway scores were subsequently grouped into broader
biological programmes (metabolic, immune, and cell cycle), and mean programme scores were
calculated for each tumour. This enabled comparison of overall programme activity across the

four mutation-defined subgroups (7P53-PI3K*!, TP53-only, PI3K*'-only, and non-altered).

Statistical comparisons of both programme-level and individual pathway-level scores between
mutation-defined subgroups were performed using pairwise Wilcoxon rank-sum tests with BH
correction for multiple testing. Results were visualised using boxplots overlaid with individual

tumour-level data points. All analyses were conducted independently in the METABRIC and
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TCGA cohorts using R. For visualisation, programme scores were standardised using z-score

transformation.
2.1.7.4. TNBC subtype classification

Intrinsic transcriptional subtype classification was performed independently in the
METABRIC and TCGA TNBC cohorts using the TNBCtype classifier tool
(https://cbc.app.vumec.org/tnbe/index.php). TNBCtype analysis was run on batch-corrected
METABRIC mRNA data and TCGA mRNA data. Prior to subtype assignment, duplicate gene

entries in METABRIC were consolidated by selecting the probe with the highest variance.
Samples flagged by TNBCtype for potential ER expression (METABRIC: n = 4; TCGA: n =

13) were excluded from downstream analyses.

The TNBCtype tool classifies TNBCs into Lehmann’s six molecular subtypes — BL1, BL2,
IM, M, MSL, and LAR (see Section 1.4.1.) — based on correlation of each tumour’s gene
expression profile to predefined subtype centroid signatures (104,583,584). Under the original
TNBCtype-6 methodology, subtype assignment is determined by the highest correlation
coefficient between a tumour and the six subtype centroids. Samples are classified as
unclassified (UNC) if (i) the maximum correlation coefficient is < 0.1 or not statistically
significant (p > 0.05), or (i1) the difference between the two highest correlation coefficients is

< 0.05, indicating ambiguity between subtypes (583).
2.1.7.4.1. Modified TNBCtype-6 classification

In this study, a modified “best-hit” implementation of TNBCtype-6 was applied. The minimum
correlation threshold (correlation coefficient > 0.1 and p < 0.05) was retained to ensure
biologically meaningful assignment. However, the ambiguity filter based on a < 0.05 difference
between the two highest correlation coefficients was not applied. Instead, tumours meeting the
correlation and significance thresholds were assigned to the subtype with the highest
correlation coefficient, regardless of the magnitude of difference between the top two subtype
correlations. Tumours failing to meet the > 0.1 and significance criteria were classified as UNC,
reducing the risk of assigning tumours with weak or non-specific subtype associations to a

potentially unreliable TNBC subtype (581).
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2.1.7.4.2. TNBCtype-4 reassignment

Following TNBCtype-6 classification, TNBCtype-4 reassignment was performed to reduce the
influence of immune- and stromal-derived transcriptional signals. This approach aims to better
capture tumour-intrinsic biological subtypes by minimising classification driven by non-
tumour components of the TME (584). Under the TNBCtype-4 framework, tumours initially
classified as IM or MSL are reassigned to their second-highest correlated intrinsic subtype
(BL1, BL2, M, or LAR). In this study, reassignment was performed if the second-highest
correlation coefficient met the > 0.1 threshold and statistical significance criterion (p < 0.05).
If these criteria were not met, the tumour was designated UNC. As with the TNBCtype-6
implementation, no minimum difference threshold between correlation coefficients was

imposed during reassignment.
2.1.7.4.3. Statistical analysis of TNBC subtype distributions

Differences in TNBC subtype composition across mutation-defined subgroups were assessed
using Pearson’s ¥? tests with p-values obtained by simulation (10,000 replicates) to account for
small expected counts and potential violation of ¥* assumptions. Standardised residuals were
calculated to identify subtypes that were over- or under-represented relative to expectations
under independence. Pairwise comparisons between TP53-PI3K*' and TP53-only tumours
were also performed using Fisher’s exact tests to confirm the significance of subtype shifts,

with p-values reported.
2.1.7.4.4. [Identification of intermediate or transitional TNBC subtype states

To account for omission of the original ambiguity filter (difference < 0.05 between the two
highest subtype correlations), additional annotation was performed within the 7P53-PI3K*
subgroup. Tumours whose two highest subtype correlation coefficients were within 0.05 of
each other were flagged as intermediate or potentially mixed transcriptional states. This
secondary classification allowed identification of tumours lying near subtype boundaries or

exhibiting transitional phenotypes, while retaining a primary best-hit subtype assignment.

All subtype assignments and downstream comparisons were conducted separately in
METABRIC and TCGA to account for differences in expression platforms and TNBC cohort

definitions.
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2.1.8. Differential protein expression analysis

Protein-level differences between TP53-PI3K*' and 7P53-only TNBC were assessed using
TCGA RPPA data (571). Only subgroups (i.e. TP53-PI3K*®', TP53-only, PI3K*"-only, non-
altered) with sufficient numbers of patients were included in statistical testing. Expression
values were batch-corrected to remove technical variation across RPPA runs while preserving
biological differences between mutation-defined subgroups. Differential expression was
evaluated using linear modelling with empirical Bayes moderation as implemented in the
limma R package. Significance thresholds were set at |[L2FC| > 0.263 and BH-adj.p < 0.05.
Significant proteins were visualised using boxplots and heatmaps to illustrate subgroup-level

expression patterns. All analyses and visualisations were conducted in R.

2.2. Differential expression analysis of MCF10A cell line RNA-

seq data
2.2.1. Sample data background and processing

MCF10A cell lines transduced with 7P53 mutations (G245S, R273H, R175H, Y163C), TP53
WT-overexpressed (p5S30E), and WT-knockdown (p5S3KD), along with the parental 7P53-WT
(pS3WT) MCF10A cell line were generated by the LaBaer laboratory at the BioDesign
Institute, Arizona State University (ASU) (585). RNA was extracted from these samples and
RNA-seq was performed by the LaBaer group. Assembled read counts and sample metadata

were provided to me for my analysis.
2.2.2. Data quality control and normalisation

Raw read counts were converted to counts per million (CPM) using the edgeR package (version
4.6.3) in R (version 4.5.0) to account for library size differences. Quality control involved
filtering genes to reduce noise and enhance statistical power. Mitochondrial genes and Cas9-
related genes were removed. Low-expression genes with CPM < 1 in three or more samples
were also excluded. Library sizes were assessed before and after filtering to confirm data
integrity. The trimmed mean of M-values (TMM) normalisation method, implemented in
edgeR, was applied using the calcNormFactors function to adjust for differences in sequencing
depth and RNA composition across samples. Multidimensional scaling (MDS) plots were
generated using the plotMDS function to visualise sample relationships. Normalised TMM

counts were loga-transformed for downstream analysis.
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2.2.3. Differential expression analysis

DEA was conducted using the edgeR package on filtered MCF10A RNA-seq data. A design
matrix was created from sample group annotations (e.g. sensitive vs. resistant). Dispersions
were estimated with the estimateGLMCommonDisp, estimateGLMTrendedDisp, and
estimateGLMTagwiseDisp functions. A quasi-likelihood generalised model was fitted using
the glmQLFit function. Pairwise comparisons were performed with the glmQLFTest function,
using contrasts defined by a custom function. P- values were adjusted with the BH method
(FDR < 0.05). Genes with FDR < 0.05 and |[L2FC| > 0.585 were considered significantly
differentially expressed. Volcano plots and heatmaps were generated using the ggplot2 and
pheatmap functions. Normalised gene counts for DEGs were extracted and converted to z-

scores to facilitate visualisation of relative expression differences.
2.2.4. Investigation of target genes

GSEA was conducted as per Section 2.1.7.2.. KEGG pathway visualisations were generated
using the pathview package (version 1.48.0) in R for the PI3K/AKT pathway (hsa04151) with
gene data mapped (586).

2.3. Cell lines and reagents

This project utilised six TNBC cell lines (see Table 2-1): HDQ-P1 and CAL-51 from the
German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany);
MDA-MB-453, MDA-MB-468, MFM-223, and BT-20 from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The cell lines HDQ-P1, MDA-MB-453, and MDA-
MB-468 were cultured in Roswell Park Memorial Institute-1640 medium (RPMI-1640)
(Sigma-Aldrich) supplemented with 10% foetal bovine serum (FBS) (Gibco). The MFM-223
and BT-20 cell lines were grown in Eagle’s Minimum Essential Medium (EMEM) (Sigma-
Aldrich) with 10% FBS and 2 mM L-glutamine. The CAL-51 cell line was maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose and supplemented with
10% FBS. The HEK-293T cell line, which was grown in DMEM with high glucose and
supplemented with 10% FBS, was also used for viral transfection. Cell culture media were
changed every 2-3 days, and the cells were sub-cultured with trypsin (0.25% Trypsin (Gibco)
+ 0.02% ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich)) upon reaching 70%
confluency, with a maximum passage limit of 10. All cell culture procedures were conducted

following the guidelines established in the NICB standards of practice (SOP) [SOP-007].
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Table 2-1: Cell lines used in this project and the relevant culture medium, type, and conditions
required for growth.

Cell Line Culture Medium Culture Type Culture Conditions
BT-20 EMEM + 10% FBS Adherent 37°C, 5% CO»

+ 2mM L-glutamine
CAL-51 DMEM + 10% FBS Adherent 37°C, 5% CO»
HDQ-P1 RPMI-1640 + 10% FBS Adherent 37°C, 5% CO»
MDA-MB-453 RPMI-1640 + 10% FBS Adherent 37°C, 5% CO»
MDA-MB-468 RPMI-1640 + 10% FBS Adherent 37°C, 5% CO»
MFM-223 EMEM + 10% FBS Adherent 37°C, 5% CO»

+ 2mM L-glutamine
HEK-293T DMEM + 10% FBS Adherent 37°C, 5% CO»

The MCF10A cell lines (ATCC, CRL-10317) stably expressing WT, KD, and missense mutant
pS3 proteins (see Table 2-2), which were developed by the LaBaer group at the Biodesign
Institute at Arizona State University (ASU), were utilised for this project. These mutant p53
proteins are expressed on top of the endogenous WT 7P53. Detailed information regarding the
MCF10A altered cell lines used in this study can be found in the publication by Pal et al. (585).
The mutations expressed are the most prevalent 7P53 mutations found in BC patients and all
occur in the DBD of TP53. They are categorised based on whether they occur at residues that
contact DNA (DNA contact mutants) or affect the overall structure of the 7P53 protein
(structural mutants). The MCF10A cells were developed using Gateway plasmids sourced from
the DNASU plasmid repository (dnasu.org). The 7P53 gene segments containing missense
mutations were cloned into either the pLX304 vector for WT p53 (Addgene) or the pLenti4/V5-
DEST vector for missense mutants (ThermoFisher Scientific). Stable cell lines were generated

through lentiviral transduction.

The MCF10A cells were maintained in DMEM-F12 media which was supplemented with 5%
horse serum (ThermoFisher), 10 ng/mL human epidermal GF (hEGF) (ThermoFisher), 0.5
pg/mL hydrocortisone (Sigma), 100 ng/mL cholera toxin (Sigma), and 10 pg/mL insulin
(Sigma). The MCF10A cells were adherent and routinely passaged with trypsin at 80-90%

confluence.
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Table 2-2: The WT or missense 7P53 DBD alterations expressed in MCF10A cells used in this
project.

TP53 Mutation Type / Control
pS3WT Control
pS30E Control
p53KD Control
G2458S Structural
Y163C Structural
Y220C Structural
H179R Structural
Y234C Structural
R175H Structural
R273H Contact
R248W Contact
R273C Contact
R248Q Contact

The drug compounds used in this project are described in Table 2-3, including their primary

molecular targets.

Table 2-3: Compounds used in this project and the relevant suppliers, stock concentrations, and
storage conditions.

Stock Storage Primary Target(s)
Compound Supplier Concentration Conditions
Alpelisib MedChemExpress 10mM in DMSO -20°C PI3Ka
Crizotinib MedChemExpress 10mM in DMSO -20°C ALK/c-MET/
ROS1/RON
Ceritinib MedChemExpress 10mM in DMSO -20°C ALK
Capmatinib MedChemExpress 10mM in DMSO -20°C c-MET

2.4. Mycoplasma testing

Cell lines were routinely screened for mycoplasma contamination. Following a minimum of
three passages after thawing and a 72-hour incubation period post media change, cell culture
supernatants from each of the cell lines were collected and centrifuged at 1000 RPM for 5
minutes to eliminate cellular debris. The resulting supernatants were stored at -20°C until

further analysis.

Mycoplasma presence was assessed using the Hoechst DNA staining method, employing the
normal rat kidney fibroblast (NRK) cell line as an indicator. NRK cells were cultured on

coverslips in duplicate, to which the cell line supernatants were added and incubated at 37°C
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with 5% CO- until they reached approximately 50% confluency. Subsequently, the supernatant
and NRK medium were discarded, and the NRK cells were fixed on the coverslips using
Carnoy’s Fixative (1:2 glacial acetic acid:methanol) for 20 minutes on ice, then allowed to air
dry. Following fixation, NRK cells were stained with the fluorescent dye Hoechst 33258
(Sigma) for 10 minutes, which selectively binds to DNA, illuminating the nuclei of cells and
any extra-nuclear DNA, including that from mycoplasma. Each coverslip was washed twice
with ultra-high purity water and examined under a fluorescent microscope at an excitation

wavelength of 400 nm.
2.5. STR profiling

Cell line authentication and interspecies contamination testing were conducted using IDEXX
BioAnalytics CellCheck™ service, specifically CellCheck 9 — human (9 marker STR profile
and Interspecies Contamination Test). Following a minimum of three passages after thawing
and a 72-hour incubation period post media change, cells were trypsinised and counted. 1x10°
cells were centrifuged at 1000 RPM for 5 minutes and stored at -20°C before being sent for
STR profiling. Genomic DNA was extracted from cell line samples and multiplex PCR assays
amplified species-specific STR markers with validated primers, followed by capillary
electrophoresis to determine fragment sizes and generate unique STR profiles.
Electropherograms were analysed using automated software to assign allele calls, and profiles
were compared against reference databases (e.g. NCBI BioSample Database) to confirm cell
line identity, with an identity matching score over 80% indicating consistency with the cell line
of origin. Interspecies contamination was assessed for human, mouse, rat, Chinese hamster,

and African green monkey DNA.

2.6. Transfection and transduction

2.6.1. Viral transfection

For the transfection process, HEK-293T cells were plated in 25 cm? flasks at a density of 2 X
108 cells per flask and allowed to culture overnight until they reached 70-80% confluence.
Transfection reagents were combined with the packaging plasmids — PAX2 (Figure 2-2(a)),
gifted by Malin Parmer (587), and pCMV-VSV-G (Figure 2-2(b)), gifted by Bob Weinberg
(588) — along with either of the viral plasmids of interest - pHAGE-PIK3CA (Figure 2-2(c)) or
pHAGE-PIK3CA-H1047R (Figure 2-2(d)), both gifted by Gordon Mills & Kenneth Scott (589)
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— as outlined in Table 2-4. The mixture was gently pipetted up and down at least ten times and

incubated for 30 minutes to facilitate complex formation.

Three distinct plasmid combinations were prepared:

1. pPCMV-VSV-G + PAX2 + pHAGE-PIK3CA,

2. pCMV-VSV-G + PAX2 + pHAGE-PIK3CA-H1047R, and

3. pCMV-VSV-G + PAX2 (serving as a negative control for transfection).

Table 2-4: Transfection reagents and viral plasmids used for transfection.

Reagent/Plasmid Supplier Category no. Quantity
PAX2 plasmid Addgene 35002 3pug
p-CMV-VSV-G plasmid Addgene 8454 2 ug
pPHAGE-PIK3CA plasmid Addgene 116771 4 ug
pPHAGE-PIK3CA-H1047R Addgene 116500 4 ug
plasmid

Opti-MEM™ Reduced Serum Gibco 15392402 500 uL.
Medium

PEI MAX® Polysciences 24765 27 uL

After removing the old media from the HEK-293T cells, fresh media was added. Following the
incubation period, the transfection reagents and plasmid mixture were added dropwise to the
cells to enhance the formation of liquid droplets containing the plasmids. The day after
transfection, the media from the HEK-293T cells, which contained the produced virus, was
collected and stored at 4°C, after which fresh media was replenished in the cells. On the
subsequent day, the media containing the virus was again collected from the HEK-293T cells
and combined with the previously collected media. The combined media was then filtered
using a 0.45-micron filter, aliquoted into single-use 1 mL portions, and stored at -80°C for

future use.
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Figure 2-2: Map of the (a) PAX2, (b) pCMV-VSV-G, (¢) pHAGE-PIK3CA, and (d) pHAGE-
PIK3CA-H1047R plasmids, exhibiting the different genes and restriction enzyme sites present on
the plasmids. The images were obtained from Addgene (www.addgene.org).

2.6.2. Viral transduction

Select MCF10A cell lines (pS3WT, pS30E, p53KD, Y234C, R273C, and R248Q) were chosen
for transduction and seeded at a density of 8 x 10* cells per well in a 6-well plate (see Figure
2-3 for plate layout). The following day, the media was removed, and each well received 1 mL
of virus along with 1 pL of the transfection reagent polybrene. The plates were incubated for 2
hours to facilitate transduction. After this incubation, the viral solution and polybrene were
removed, and 1 mL of fresh media, 1 mL of virus, and 2 pL of polybrene were added to each
well, followed by overnight incubation. The subsequent day, the media was again removed,
and fresh media was added to the cells. On the next day, the media was replaced with fresh
media containing the selection agent puromycin at a concentration of 2.5 pg/mL. The selection

agent was maintained until all cells in the control well (containing no virus) were dead, which
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took approximately 2-3 days. The selected cells were grown in the selection compound for a

minimum of 14 days before being utilised for experimental procedures.
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Figure 2-3: Plate layout for viral transduction.
2.7. Proliferation assay

Cell lines were plated in 96-well plates at varying densities ranging from 2000 to 5000 cells

per well (cpw) (refer to Table 2-5), with each well containing 100 pL of culture medium.

Table 2-5: Seeding density for each cell line per well of a 96-well plate, i.e. cpw.

Cell Line Seeding Density
BT-20 3000
CAL-51 3000
HDQ-P1 3000
MDA-MB-453 3000
MDA-MB-468 2000
MFM-223 5000
MCF10A (all) 2000

After a 24-hour incubation, the cells were treated with either a single drug or a combination of

drugs (see Table 2-6) in an additional 100 uL of medium.
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Table 2-6: Concentration ranges of alpelisib and RTK inhibitors for combination proliferation
assays. Cells were treated with five serial concentrations of each drug.

Conc. (uM)
Cell Line TP53/PIK3CA Alpelisib’ Crizotinib Ceritinib Capmatinib’
MDA-MB-468 MUT/WT 0.31-5.00 | 0.16-2.50 - -
HDQ-P1 MUT/WT 0.16—2.50 | 0.31-5.00 - -
BT-20 MUT/MUT 0.08-1.25 | 0.16-2.50 - -
MFM-223 MUT/MUT 0.08-1.25" | 031-5.00 | 0.31-5.00 0.31-5.00
MDA-MB-453 WT/MUT 0.08—-1.25 | 0.31-5.00 - -
CAL-51 WT/MUT 0.04-0.63 | 0.08-1.25 - -
MCF10A (all) - 0.16-2.50 | 0.16-2.50 - -
FAlpelisib was used at 0.16-2.50 uM in the MFM-223 alpelisib plus capmatinib combination
experiments.

The cells were then incubated for five days, after which cell proliferation was assessed using
the acid phosphatase assay designed for adherent cell lines. The half-maximal inhibitory
concentration (ICso) values were calculated using CalcuSyn software, and the combination
index (CI) values at the effective doses for 50%, 75%, and 90% maximal response (EDso, ED7s,
EDgo) were determined to evaluate whether the drug combinations exhibited antagonism,
additivity, or synergism. The CI is a quantitative measure derived from the Chou-Talalay
method that provides a definition for drug interactions (590,591). This evaluation was used to
assess whether the drug combinations exhibited antagonism, additivity, or synergism, with
classifications of synergism or antagonism adhering to the established guidelines detailed in
Tables 2-7. To determine if the observed synergy was achievable within therapeutic ranges (i.e.
below maximum peak plasma concentrations, for clinical relevance), we presented dose
reduction index (DRI) values — calculated using Calcusyn software — at EDso, where DRI
measures the fold-reduction in doses needed for the combination versus monotherapy to reach

equivalent effects.

Table 2-7: CI value ranges defining synergism or antagonism in drug combination studies
(590,591).

Range of CI Symbol Description
<0.10 HHH Very strong synergism
0.10-0.30 ++++ Strong synergism
0.31-0.70 +++ Synergism
0.71-0.85 ++ Moderate synergism
0.86-0.90 + Slight synergism
0.91-1.10 + Nearly additive
1.11-1.20 Slight antagonism
1.21-1.45 —— Moderate antagonism
1.45-3.30 ——— Antagonism
3.30-10.00 ——— Strong antagonism
>1000 | @ ————— Very strong antagonism
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2.7.1. Acid phosphatase assay

The medium was removed from the 96-well plates, and the cells were washed three times with
phosphate-buffered saline (PBS). Subsequently, 100 uL of acid phosphatase substrate (10 mM
p-nitrophenol phosphate) (Sigma) in 0.1 M sodium acetate (Sigma) containing 0.1% Triton X-
100 (BDH, pH 5.5) was added to each well, and the plates were incubated at 37°C for 1 to 2
hours. After incubation, 50 pL of 0.1 M sodium hydroxide (NaOH) was added to each well to
halt the hydrolysis of p-nitrophenyl phosphate. The absorbance was then measured using a
microplate reader (BioTek) with Gen4 software at 405 nm and 620 nm as a reference. The
percentage growth of cells was calculated relative to an untreated control, and the background
control containing sodium acetate and NaOH was recorded and subtracted from each
measurement prior to calculating the percentage growth. All ICso and combination assays were
conducted in triplicate at a minimum. While some single-agent ICso assays were initially
performed in duplicate, the ICso determinations were repeated for the combination assays,

ensuring a minimum of triplicate measurements overall.
2.8. Apoptosis assay

Cells were seeded in a 96-well plate and incubated overnight to allow adherence. The following
day, cells were treated with single agents or combinations along with the Incucyte Caspase-3/7
Green Dye for Apoptosis (Sartorius). Plates were placed in the Incucyte S3 live-cell analysis
system and cell confluence was monitored over 4-120 h using phase contrast imaging and
normalised to the confluence at the 0 h timepoint. Apoptosis was evaluated by quantifying
Caspase 3/7 activity, visualised as green fluorescent objects and analysed via image-based
quantification with Incucyte integrated analysis software, with values normalised to cell
confluence. Relative Caspase 3/7 activity was further normalised to the untreated control across

the 4-64 h timeframe.

2.9. Immunoblotting

2.9.1. Protein extraction and quantification

Cells were plated in 6-well or 100mm plates and grown to ~70% confluence. Cells were then
serum-starved overnight and subsequently supplemented with 5% serum the following day.
Cells underwent a 24-hour treatment with either a single drug or a combination of drugs of

interest in the 5% serum media. Cells being analysed for baseline protein expression were

maintained in 5% serum media without the drug treatment. The cells were then washed three
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times with cold PBS while on ice. Subsequently, 120 pL of RIPA buffer (Sigma),
supplemented with a 1X Protease Inhibitor (PI) cocktail (Sigma), 2 mM phenylmethylsulfonyl
fluoride (PMSF) (Thermo Scientific), and 1 mM sodium orthovanadate (NaOV) (Sigma), was
added to each well, and the cells were incubated on ice for 20 minutes. The cells were then
scraped, and the lysis buffer was collected. To ensure thorough cell lysis, the lysates were
subjected to shearing by pipetting up and down and then centrifuged at 14,000 rpm for 10
minutes at 4°C. The supernatant was carefully collected and stored at -80°C. The protein
concentration in the lysates was quantified using the Pierce™ bicinchoninic acid (BCA)

Protein Assay kit (Thermo Scientific), following the manufacturer's protocol.
2.9.2. Western immunoblotting

Different amounts of protein (5-40 pg) were separated using precast Bolt 4-12% Bis-Tris Plus
Mini Protein Gels (Invitrogen) via electrophoresis in a Mini Gel Tank (Invitrogen) with 1X
running buffer, prepared by diluting 50 mL of 20X Bolt MOPS SDS Running Buffer
(Invitrogen) in 950 mL of reverse osmosis water (RO.H20). Following electrophoresis,
proteins were transferred from the gels to a nitrocellulose membrane using the iBlot 2 Gel
Transfer Device and Transfer Stacks (Invitrogen). The transfer was verified using Ponceau S
bioreagent (Sigma), after which the membrane was washed three times with ultra-high purity
(UHP) water to eliminate the stain. To block non-specific binding, the membranes were
incubated for 1 hour at room temperature with 1X sodium chloride (NaCl),
ethylenediaminetetraacetic acid (EDTA), tris(hydroxymethyl)aminomethane (Tris) / Triton
(NET) buffer (refer to Table 2-8 for the preparation of 10X NET buffer), containing gelatin.

Table 2-8: Volumes and concentrations of compounds used for 10X NET buffer.

Compound Stock Concentration Volume (mL) Final Concentration
NaCl 5M 1500 1.5M

EDTA 0.5M 500 0.05M

Tris pH 7.8 IM 2500 0.5M

Triton X-100 | 100% 25 0.5%

H,O 100% 475 -

Primary and secondary antibodies were diluted in NET buffer according to the specifications
outlined in Table 2-9. The membrane was incubated with the primary antibody at 4°C
overnight. Following this incubation, membranes were washed three times for 10 minutes each
with PBS. Subsequently, the membranes were incubated with the secondary antibody at room

temperature for 1 hour, followed by another round of washing with PBS. Western blotting was
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visualised using the Licor Odyssey system with Odyssey V3 software, and densitometric

analysis was conducted using Image J software. Relative density values were calculated by

normalising against a housekeeping protein.

Table 2-9: Primary and secondary antibodies

Antibody PTM Supplier Dilution | Secondary | Category
antibody no.
Anti-rabbit secondary - LiCor 1:5000 - 926-3211
(800CW)
Anti-rabbit secondary - LiCor 1:5000 - 926-68071
(680RD)
Anti-B-actin - Cell 1:1000 | Anti-Rabbit 4970
Signalling
Technology
Anti-GAPDH - Cell 1:1000 | Anti-Rabbit 5174
Signalling
Technology
Anti-AKT - Cell 1:1000 | Anti-Rabbit 9272
Signalling
Technology
Anti-phospho-AKT Serd73 Cell 1:500 | Anti-Rabbit 9271
phosphorylation | Signalling
Technology
Anti-phospho-AKT Thr308 Cell 1:500 | Anti-Rabbit 9275
phosphorylation | Signalling
Technology
Anti- - Cell 1:1000 | Anti-Rabbit 9644
4E-BP1 Signalling
Technology
Anti-phospho- Thr37/46 Cell 1:500 | Anti-Rabbit 2855
4E-BP1 phosphorylation | Signalling
Technology
Anti- - Cell 1:1000 | Anti-Rabbit 4129
PI3Ka Signalling
Technology
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2.10. RPPA analysis

2.10.1. Protein extraction and quantification

Cells were seeded and treated according to the protocol outlined in Section 2.8.1. Following
treatment, the cells were washed three times with cold PBS on ice. A total of 150 pL of lysis
buffer, consisting of 1% Triton X-100, 50 mM HEPES (pH 7.4), 150 mM NaCl, 1.5 mM
MgCl12, 1 mM EGTA, 100 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium vanadate,
10% glycerol, along with protease and phosphatase inhibitors (Roche Applied Science Cat. #
05056489001 and 0490683700), was added to each well. The plates were incubated on ice for
20 minutes, with gentle shaking every 5 minutes. The lysates were then collected, and protein
concentrations were quantified as described in Section 2.1.1. The protein concentrations were
adjusted to 1.0 pg/uL using lysis buffer for dilution. Cell lysates were combined with 4X
sodium dodecyl sulfate (SDS) sample buffer (comprising 40% glycerol, 8% SDS, 0.25 M Tris-
HCI at pH 6.8, and beta-mercaptoethanol at 1/10 the volume) in a 3:1 ratio of lysate to sample
buffer. The samples were boiled for 5 minutes and subsequently stored at -80°C until
submission for analysis. A volume of 80 puL from each sample was submitted for RPPA
analysis by the Functional Proteomics RPPA Core Facility at The University of Texas MD
Anderson Cancer Centre. This facility employs a high-throughput antibody-based RPPA
platform to quantify protein expression and phosphorylation in signalling networks, analysing
approximately 500 validated antibodies per cell line sample via serial dilution, nitrocellulose
printing, automated immunostaining, and laser-based signal detection. Detailed procedures and
antibody validation protocols are available on their website

(https://www.mdanderson.org/research/research-resources/core-facilities/functional-

proteomics-rppa-core.html), with the current expanded antibody list accessible via their

education resources (https://www.mdanderson.org/research/research-resources/core-

facilities/functional-proteomics-rppa-core/education-and-references.html).

2.10.2. Protein-protein interaction analysis

The STRING Database (https://string-db.org) provides a comprehensive and user-friendly

platform for analysing and visualising protein interactions through integration of various
sources of biological data. STRING was utilised to explore the protein-protein interaction (PPI)
networks associated with the differentially expressed proteins from the RPPA analysis.
STRING generates interaction scores that indicate the confidence level of these protein

interactions, reflecting the likelihood that an interaction is valid. Scores range from 0 to 1, with
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a score of 1 indicating maximum confidence. These scores can be classified as 'normal' or
'transferred'; normal' scores are derived from data originally observed in the organism of
interest, while 'transferred' scores are based on data from other organisms and are inferred

through homology or orthology.
2.11. Statistical analysis

The two-tailed Student's t-test with unequal variance was employed to determine p-values for
the proliferation assays, Western blot, and RPPA results, analysing biological replicates with
a significance threshold set at p-value < 0.05. In instances of multiple testing, the BH

correction method was applied to yield adj.p values, with adj.p < 0.05 deemed significant for

analyses. Statistical significance is denoted as follows: * p <0.05, ** p <0.01, *** p <0.001.
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3.Cooperative TP53 loss and PI3K pathway-
activation define a distinct high-risk

TNBC state
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3.1. Introduction

Co-occurring alterations affecting 7P53 and the PI3K signalling pathway have been associated
with adverse clinical outcomes in BC, suggesting that disruption of TP53’s tumour suppressor
function alongside activation of PI3K pro-survival signalling may define a biologically
aggressive tumour subset (592). While 7P53 mutations are present in the majority of TNBC
cases (~80%) (227), PI3K pathway activation occurs through multiple mechanisms, including
PIK3CA mutations (~10-15%) (239), as well as alterations affecting other pathway regulators
such as PTEN loss (35-57%) (107,593) or AKT activation (<5%) (412).

Despite the high prevalence of 7P53 mutations in TNBC and the frequent dysregulation of the
PI3K/AKT/mTOR pathway described in Section 1.5.1.1., the combined clinical and molecular
impact of co-occurring 7P53 dysfunction and PI3K pathway activation remains incompletely
defined. While previous studies have reported associations between these alterations and
adverse clinical outcomes (237,594), integrated analyses incorporating transcriptomic,

proteomic, and survival data within this subgroup are lacking.

In this chapter, a TP53-PI3K pathway-activated (7P53-PI3K*") TNBC subgroup is defined
based on the presence of a 7P53 mutation together with genomic alterations predicted to
activate PI3K signalling. The impact of incorporating multiple PI3K pathway alterations into
this definition is first assessed by comparing survival outcomes relative to 7P53-only tumours,
which represent the predominant genetic background in TNBC. The resulting 7P53-PI3K**!
subgroup is then characterised across two independent BC cohorts, METABRIC and TCGA,
evaluating alteration co-occurrence, clinical characteristics, survival outcomes, and multi-omic
features. Through this cross-cohort analysis, the aim is to identify reproducible molecular and
clinical attributes of a potentially high-risk TNBC subgroup that may have implications for

prognostic stratification and therapeutic targeting.

3.2. Defining a high-risk TP53-PI3K-activated TNBC cohort

Analyses were first performed in the METABRIC TNBC cohort (n = 299), which is well
annotated with long-term survival follow-up data (median follow-up: 186.6 months for OS and
165.4 months for RFS). TP53-PIK3CA co-mutant TNBC tumours were analysed first to assess
the association between co-occurring 7P53 mutation and PI3K pathway activation and

survival. Additional PI3K-activating alterations were then incorporated to evaluate whether
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these tumours exhibited comparable or greater survival risk in the context of 7P53 mutation.

OS and RFS were assessed using Cox PH regression.

TP53-PIK3CA co-mutant TNBC tumours showed significantly poorer survival compared with
TP53-only tumours, with increased risk observed for both OS (HR = 1.93, p = 3.09x107%%) and
RFS (HR = 1.96, p = 5.20x10"%). Incorporation of additional PI3K-activating alterations
demonstrated that this adverse prognostic association was maintained when AK7/ mutations
or PTEN deletions were included, with comparable or higher HRs observed for both OS and
RFS. In contrast, inclusion of other PI3K-related alterations, including PIK3RI mutations,
PTEN mutations, AKT3 amplification, or PIK3CA amplification, was not consistently
associated with poorer survival outcomes (Table 3-1). Notably, the METABRIC TNBC cohort
contained only one AKT2-MUT tumour and no detected AK73 mutations; consequently, these

alterations were not included in this analysis.

Based on these results, 7P53-MUT tumours harbouring a PIK3CA mutation, AKT mutation,
or PTEN deletion were defined as TP53-PI3K-activated (7P53-PI3K*"). This TP53-PI3K*
subgroup, highlighted in yellow in Table 3-1, exhibited significantly poorer survival compared
with TP53-only TNBC, with increased risk of death (OS: HR = 2.02, p = 2.55x10%) and
relapse (RFS: HR = 1.94, p = 1.80x10°%). Compared with the smaller TP53-PIK3CA mutant
group, the TP53-PI3K** group captures additional high-risk tumours, while maintaining or

slightly increasing the observed survival risk.
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Table 3-1: Survival impact of 7P53-MUT tumours harbouring PIK3CA or other co-occurring PI3K-pathway alterations in METABRIC TNBC.

oS RFS
TP53-MUT (n=238) + vs. TP53-only (n) HR 95% CI p-value HR 95% CI1 p-value
PIK3CA-MUT (n=53) 37 vs. 201 1.93 1.25-2.97  3.09x10"" 1.96 1.22-3.15  5.20x10"
PIK3CA-MUT or AKTI-MUT (n = 10) 46 vs. 192 1.94 1.31-2.87  9.70x10™" 1.84 1.18-2.86  6.88x10™
PIK3CA-MUT or PTEN-del (n = 15) 47 vs. 191 2.00 1.34-298  7.25x10°" 1.96 1.27-3.04  2.54x10™
PIK3CA-MUT or PIK3RI-MUT (n=8) 43 vs. 195 1.71 1.14-2.59 0.010 1.49 0.93-2.39 0.099
PIK3CA-MUT or AKT3-amp (n = 55) 75 vs. 163 1.61 1.12-2.32  9.45x10°" 1.48 0.98-2.22 0.060
PIK3CA-MUT or PTEN-MUT (n = 18) 51 vs. 187 1.30 0.86-1.96 0.217 1.35 0.86-2.11 0.199
PIK3CA-MUT or PIK3CA-amp (n = 34) 58 vs. 180 1.27 0.83-1.94 0.234 131 0.82-2.09 0.224
PIK3CA-MUT or AKTI-MUT or PTEN-del 55vs. 183 2.02 1.38-2.93  2.55x10°" 1.94 1.28-2.95  1.80x10™

The first row (TP53-mut + PIK3CA-mut) serves as the reference group for comparison against TP53-only patients. Subsequent rows test TP53-MUT tumours
harbouring the listed PI3K-pathway alteration or PIK3CA mutation. HRs are highlighted in green scale, where darker green indicates a higher HR. Significant
p-values are indicated in bold. The TP53-PI3K"" subgroup is highlighted in yellow. All Cox PH models satisfied the PH assumption (p > 0.05).

To further explore whether the survival effect observed in 7P53-PI3K** tumours reflected a potential interaction between 7P53 mutation and PI3K
pathway activation, an interaction term (7P53 x PI3K*®") was incorporated into Cox PH models for OS and RFS. This analysis tests whether the
combined presence of 7P53 mutation and PI3K pathway activation is associated with a greater survival risk than would be expected from the

individual effects of each alteration alone.

The interaction terms showed a trend toward increased risk (OS: HR = 1.76; RFS: HR = 1.60); however, these effects did not reach statistical
significance (p = 0.165 and 0.342, respectively). Given the lack of statistical significance, these results are not presented in a dedicated table or
figure. This likely reflects the small number of tumours harbouring PI3K pathway activation in the absence of 7P53 mutation (n = 20), which
limited statistical power to detect independent or interaction effects. Consequently, while the results suggest a possible cooperative effect between

TP53 mutation and PI3K pathway activation, larger cohorts would be required to formally evaluate this interaction.
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In summary, these analyses identify 7P53-PI3K** as a biologically and clinically high-risk
TNBC subgroup. Expanding the definition beyond 7P53-PIK3CA co-mutation to include
AKTI mutations and PTEN deletions captures additional alterations that activate PI3K/AKT
signalling. Including these additional alterations not only maintains, but slightly increases, the
observed survival risk compared with 7P53-only TNBC. Together, these findings justify
further analyses to better characterise the molecular and clinical features underpinning its

aggressive behaviour.

3.3. Characterisation of TP53-PI3K*** TNBC

Following the definition of 7P53-PI3K*" as a high-risk TNBC subgroup, we next sought to
perform a comprehensive characterisation of these tumours. This analysis used two
independent TNBC cohorts with available mutation, survival, clinical, and mRNA data:
METABRIC, where TNBC was defined based on ER, PR, and HER2 negativity, and TCGA,
where TNBC was defined using the basal PAMS50 subtype due to missing receptor status for
many patients. Although these classification approaches differ, there is substantial overlap
between clinically defined TNBC and the basal PAMS50 subtype (595). Analysing the cohorts
independently therefore allows assessment of whether 7P53-PI3K**-associated molecular and
clinical features are reproducible across datasets, despite differences in TNBC definition and

molecular profiling platforms.

The prevalence of 7P53 and PI3K** alterations, along with the number of tumours in each
subgroup, is summarised in Table 3-2. Across both cohorts, 7P53 mutations (METABRIC: n
= 238; TCGA: n = 153) were highly prevalent (~83%), with a significant subset (~23%) of
these 7P53-MUT tumours also carrying PI3K** alterations (METABRIC: n = 55; TCGA: n=
35). PI3K**-only tumours (METABRIC: n = 20; TCGA: n = 4) were relatively rare (~5%),
while the “non-altered” category, comprising tumours WT for 7P53, PIK3CA, and AKTI and
lacking PTEN homozygous deletions (METABRIC: n = 41; TCGA: n = 14), accounted for
~11.5% of TNBC patients. Differences in TNBC definition may contribute to variation in
subgroup distribution and downstream results; however, all analyses were performed
separately, enabling reproducible patterns to be identified while accounting for cohort-specific

characteristics.

Due to limited patient numbers in both cohorts, all non-synonymous coding variants were
included in the analysis, regardless of mutation type (missense, inframe, splice, truncating,

etc.). The majority of identified mutations were classified as putative drivers according to
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annotations in cBioPortal, based on curated databases that predict functional relevance in
cancer (e.g. OncoKB, CancerHotspots) (596). Moreover, the distribution of 7P53 mutation
types was similar between 7P53-PI3K*' and 7P53-only tumours, indicating no overt

enrichment of specific functional variant classes in the high-risk subgroup.

It should also be noted that the composition of 7P53-PI3K**' tumours differs between cohorts
(Figure 3-1). In METABRIC, TP53-PI3K*" tumours are PIK3CA-dominant (37 PIK3CA-MUT
/9 AKTI-MUT / 12 PTEN-deleted), whereas in TCGA, tumours are PTEN-deletion-dominant
(10 PIK3CA-MUT / 26 PTEN-deleted). These differences may reflect technical factors,
including variation in CN and structural variant detection sensitivity between the cohorts, and
could contribute to some cohort-specific patterns observed in downstream molecular and

clinical analyses of 7P53-PI3K*** tumours.
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Table 3-2: Prevalence of TP53 and PI3K** alterations and subgroup distribution in METABRIC and TCGA TNBC cohorts.
TNBC Cohort Total TP53 PIK3CA AKTI PTEN-del TP53-PI3K* TP53-only PI3K*‘-only = Non-altered

METABRIC 299 238 53 10 15 55 183 20 41
TCGA 171 153 12 0 28 35 118 4 14
Data were derived from TCGA and METABRIC BC studies accessed via cBioPortal (www.cbioportal.org) (568,569,571).

TP53-PI3Kact TP53-only PI3Kact-only Non-altered

TPS3  80% I |

PIK3CA 26% II"III“II || ||I|""llllllllllllllllll """l "l "I""" |||l||||||||||||| "
AKT1 6% | "u | | il | | | ||
PTEN 11% | i ||| | | ||||| ||||| i il (T | ||

TP53 90% I jnmm |IIIlIIIIIlIIIIIIIIIIIIIlIIIIIlIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIlIIIIIII |

PIK3CA 13% i il {fm i
I I | :IIII I :II| |

AKT1 23%
pren 2s% I I T I !

B Inframe Mutation (putative driver) M Inframe Mutation (unknown significance) B Missense Mutation (putative driver) I Missense Mutation (unknown significance)
Genetic Alteration || Splice Mutation (putative driver) B Truncating Mutation (putative driver) ¥ Truncating Mutation (unknown significance) || Amplification ] Deep Deletion
l Structural Variant (putative driver)
No alterations
Figure 3-1: Oncoprint of TP53, PIK3CA, AKTI1, and PTEN alterations in METABRIC (n = 299) and TCGA (n = 171) TNBC cohorts. Tumours are
ordered by alteration-defined subgroup: TP53-PI3K*", TP53-only, PI3K**-only, and non-altered. Genomic alteration types are indicated in the figure legend.

Percentages indicate the frequency of alteration in each gene across the entire cohort. Alteration types are indicated in the figure. This oncoprint was generated
using cBioPortal (https://www.cbioportal.org) (568,569,571).
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3.3.1. Co-occurrence of 7P53 mutations and PI3K? alterations in TNBC

As the first step in characterising the 7P53-PI3K*! TNBC subgroup, we assessed whether 7P53 mutations and PI3K** alterations co-occurred
more frequently than expected. Using the METABRIC and TCGA cohorts, the observed number of 7P53-PI3K? tumours was generally in line
with expectations under independence (METABRIC: observed = 55 vs. expected = 59.7; TCGA: observed = 35 vs. expected = 34.9; Table 3-3).
Both Fisher’s exact tests and permutation analyses indicated no statistically significant association between 7P53 and PI3K** alterations in either

cohort (METABRIC Fisher OR =0.62, p = 0.137; perm p = 0.085; TCGA Fisher OR = 1.04, p = 1.00; perm p = 0.621).

Table 3-3: Co-occurrence and association of 7P53 mutations and PI3K®* alterations in TNBC cohorts.

Cohort TP53-mut PI3K* Observed Expected Fisher OR Fisher Expected Perm
TP53-PI3K™ TP53-PI3K™' " 95% CI) p-value  TP53-PI3K*'(perm) p-value

METABRIC 238 75 55 59.70 0.62 (0.32-1.20)  0.137 59.67 0.085

TCGA 153 39 35 34.89 1.04 (0.30-4.61) 1.00 34.92 0.621

7 Expected number of 7P53-PI3K* patients under the assumption of independent mutation events: (7P53-MUT x PI3K*®) / total patients.

Abbreviations: perm = permutation

These findings suggest that 7P53 mutations and PI3K** alterations largely arise independently in TNBC, suggesting that the 7P53-PI3K*
subgroup captures a high-risk population defined by the convergence of separate oncogenic events, rather than a single co-dependent mechanism.
It should be noted that the high prevalence of 7P53 mutations and relatively small number of PI3K**-only tumours constrain the statistical power
to detect co-occurrence or mutual exclusivity. Regardless, the majority of PI3K** TNBC tumours also harbour 7P53 mutations, delineating a
biologically distinct 7P53-PI3K** subgroup whose characterisation is essential for understanding tumour behaviour, signalling interactions, and

potential impact on therapeutic response in TNBC.
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3.3.2. Prognostic evaluation of 7P53-PI3K*" in TNBC

Having defined 7P53-PI3K**' as a high-risk subgroup in METABRIC, we next assessed
whether this prognostic pattern was reproducible across TNBC cohorts. Survival outcomes
were compared across TP53-PI3K?®', TP53-only, PI3K*"-only, and non-altered tumours in both
the METABRIC and TCGA cohorts.

METABRIC cohort: Survival differences are illustrated in KM plots with accompanying risk
tables for OS (Figure 3-2(a(i)) and RFS (Figure 3-2(b(i)), alongside the corresponding Cox
HRs (Figure 3-2(a(ii), b(ii)). Cox PH models, which estimate HRs for differences in survival
risk between groups, were used to evaluate both OS and RFS, with TP53-PI3K*®! patients as
the reference group. 7P53-only patients exhibited significantly improved survival for OS (HR
= 0.49, p = 1.73x10%) and RFS (HR = 0.51, p = 0.0017). These results correspond to the
reciprocal of the HR reported in Table 3-1. Tumours in the non-altered subgroup demonstrated
improved RFS (HR = 0.49, p = 0.025) and borderline improved OS (HR = 0.60, p = 0.058)
relative to 7P53-PI3K®**' tumours. PI3K**'-only tumours showed trends toward better outcomes

compared with 7P53-PI3K**, though these differences did not reach statistical significance.

TCGA cohort: Survival differences are visualised in KM plots for OS (Figure 3-2(c(i))) and
DSS (Figure 3-2(d(i))), with RMST contrasts shown in bar charts (Figure 3-2(c(ii), d(ii))). PH
assumptions were violated in TCGA, indicating that the relative hazard between groups was
not constant over time, which violates a key assumption of Cox PH models (597). Therefore,
survival was compared using RMST analysis, which estimates the average survival time up to
a prespecified follow-up time without requiring PH (577). The truncation time was set to 48
months, reflecting the period during which sufficient patients remained at risk for robust
estimation of RMST. Beyond this point, the small number of 7P53-PI3K*" patients still at risk
(n=8) would limit the reliability of survival estimates. RMST, therefore, represents the average
survival time up to 48 months. For both OS and DSS, 7P53-PI3K**! patients had a significantly
lower RMST of 39.5 months (CI = 33.9-45.0) versus 46 months (CI = 44.4-47.5) for TP53-
only tumours, corresponding to a difference of -6.5 months (p = 0.03). The results are nearly
identical for OS and DSS, with only minimal differences in the estimates (<0.02 months),
because no non-cancer deaths occurred during the 48-month follow-up, resulting in nearly

identical survival patterns across both outcomes.
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Figure 3-2: Survival analysis of TP53-PI3K** TNBC in METABRIC and TCGA cohorts. METABRIC: (a) OS and (b) RFS. (i) KM curves (0-240 months)
for TP53-PI3K**, TP53-only, PI3K*"-only, and non-altered patients, with medians, risk table, and global p-value. (ii) Corresponding unadjusted Cox HRs, 95%
Cls, and p-values versus TP53-PI3K*". TCGA: (¢) OS and (d) DSS. (i) KM curves (0-96 months) for TP53-PI3K*" vs. TP53-only with risk table. (ii) RMST
bar charts at 48 months showing mean survival with error bars and significance denoted.
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To evaluate whether the high-risk status of 7P53-PI3K?*' tumours is independent of standard
clinical covariates, we performed multivariable Cox PH analyses in METABRIC and TCGA,
comparing 7P53-PI3K**' to TP53-only TNBC. Clinical covariates were selected based on
availability and relevance for each cohort: tumour size, age at diagnosis, nodal status, tumour
size, and neoplastic histologic grade for METABRIC, and age, nodal status, and tumour stage
for TCGA.

METABRIC cohort: For OS, the global PH assumption was violated, indicating that the
relative effect of covariates on the hazard of death was not constant over time. To address this,
the model was stratified by nodal status and histologic grade, and age at diagnosis was included
as a time-dependent covariate; consequently, no overall HR is reported for age. In this stratified
model, 7P53-PI3K*! tumours remained significantly associated with poorer OS (HR = 1.68, p
=0.011). For RFS, PH assumptions were generally satisfied. Although histologic grade showed
a minor violation of the PH assumption (p = 0.034), the global test assessing all covariates
simultaneously was not significant. Therefore, the model was not stratified, as the overall PH
assumption was considered acceptable. 7P53-PI3K**' tumours also exhibited significantly
worse outcomes (HR = 1.91, p = 3.85x10™%), independent of age, nodal status, tumour size,
and histologic grade. Nodal status was independently associated with worse RFS, while age at
diagnosis was significantly associated with OS, indicating a non-proportional effect of age on

survival (Table 3-4).

Table 3-4: Multivariable Cox PH analysis of OS and RFS in the TNBC METABRIC cohort.

Survival Group / Covariate HR 95% CI p-value
Group

TP53-PI3K*" vs. TP53-only (n =55 vs. 183) 1.68 1.13-2.50 0.011
oS’ Tumour size (mm) 1.01 1.00-1.02 0.064

Age at diagnosis (time-dependent) - - 2.07x10™

TP53-PI3K* vs. TP53-only 1.91 1.23-297  3.85x10™
Age at diagnosis 1.00 0.99-1.02 0.965
RFS Nodal status (+ vs. -) 1.71 1.11-2.64 0.016
Tumour size 1.01 1.00-1.02 0.111
Neoplasm histologic grade (G3 vs. G1/2) 1.32 0.76-2.74 0.454

HR is reported for TP53-PI3K™ relative to the TP53-only reference group. Models are adjusted for
clinical covariates. Nodal status was defined as >1 positive lymph node versus none; histologic grade
was categorised as G1/2 versus G3.

7 OS model stratified by nodal status and neoplasm histologic grade and age at diagnosis included as
a time-dependent covariate
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TCGA cohort: For both OS and DSS, the global PH assumption across all covariates was not
violated, indicating that the overall model was acceptable. However, the TP53-PI3K** group
showed some evidence of non-proportional hazards, suggesting that its effect on survival may
vary over time. Therefore, these results should be interpreted with caution. In multivariable
models, TP53-PI3K*" tumours were associated with poorer OS (HR = 2.74, p = 0.044) and
DSS (HR =4.37, p = 0.013), after adjusting for age, nodal status, and tumour stage. Notably,
CIs were wide, reflecting limited sample size and event numbers in the TCGA cohort. Nodal
status and tumour stage were independently associated with worse survival outcomes (Table
3-5), indicating that patients with positive lymph nodes or more advanced tumours had a higher
risk of death or disease-specific events, in addition to the elevated risk conferred by 7P53-
PI3K?®! status.

Table 3-5: Multivariable Cox PH analysis of OS and DSS for 7P53-PI3K*" versus TP53-only
TNBC in the TCGA cohort.

Survival Group Group / Covariate HR 95% CI p-value
TP53-PI3K*' vs. TP53-only (n=35vs. 118) | 2.74  1.03-7.34 0.044
(0N} Age at diagnosis 1.02 = 0.98-1.05 0.365
Nodal status (+ vs. -) 447 1.70-11.72 2.36x10™"
Tumour stage (T1/T2 vs. T3/T4) 2.32 | 0.82-6.56 0.112
TP53-PI13K*" vs. TP53-only 437 1.37-13.98 0.013
Age at diagnosis 1.01 0.96-1.05 0.809
DSS Nodal status (+ vs. -) 495 1.31-18.66 0.018
Tumour stage (T1/T2 vs. T3/T4) 3.88  1.11-13.52 0.034

Nodal status was derived from AJCC lymph node stage codes (NO = negative; NI+ = positive), and
tumour stage from AJCC T-stage codes (T1/T2 vs. T3/T4).

These analyses show that 7P53-PI3K** remains independently associated with poor survival
in TNBC after adjustment for standard clinical factors. This association is robust in
METABRIC, which benefits from a larger patient sample and longer, more complete survival
follow-up. In TCGA, the cohort is somewhat smaller and follow-up is shorter, resulting in

wider Cls and more limited but concordant evidence.

3.3.3. Clinical characterisation of 7P53-PI3K*t TNBC

To characterise the clinical context of TP53-PI3K? TNBC, clinical variables were extracted
from cBioPortal and compared primarily between 7P53-PI3K** and 7P53-only tumours within
each cohort. All variables reported under the “clinical” section in cBioPortal — including
patient-level features (age, tumour size, nodal status, etc.) as well as tumour annotations such

as PAMS50 subtype and HER?2 status — were included together in the clinical characterisation
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of TP53-PI3K** TNBC. TP53-only tumours were chosen as the reference group because TNBC
is predominantly 7P53-MUT, providing the largest and most robust comparison. Clinical
features showing significant differences in this comparison were reported in Table 3-6 and then
visualised across all four alteration-defined subgroups in Figure 3-3 to show the broader
context of these differences. Percentages reported in Table 3-6 and throughout the results
section were calculated from patient numbers in each subgroup.

Table 3-6: Clinical and tumour features associated with 7P53-PI3K*' compared to 7P53-only
TNBC in METABRIC and TCGA cohorts.

TP53-PI3K*' vs. TP53-only

Cohort Variable p-value’  g-value’ Main Observation
Integrative Cluster 4.03x10°  1.16x10™* Cluster 10: 40% vs. 78%

PAMS0 + Claudin-low | 8.03x10°¢  1.16x10™ Basal: 40% vs. 62%;

subtype HER2: 27% vs. 5%
Patient’s Vital Status 1.96x10  1.34x10*  Died of disease: 55% vs. 34%

Age at diagnosis 2.32x10%  1.34x10™ Median: 60 vs. 53

METABRIC Tumour Histologic 5.66x10  1.82x10"  Mostly ductal/NST; minimal
Subtype differences in other subtypes

(lobular: 9% vs. 2%;
medullary: 0% vs. 8%)

Types of Breast 1.01x10**  2.94x10™ Mastectomy: 66% vs. 47%
Surgery’’"
HER2 Status (SNP6) | 1.34x10*  3.00x10™ Gain: 18% vs. 7%;
Inferred Menopausal 1.52x10**  3.14x10™ Post: 78% vs. 59%
State
TCGA Hypoxia Score””"” 8.03x10™ - Score: 21 vs. 12

# TP53-PI3K*" vs TP53-only comparisons used y? tests for categorical variables and Wilcoxon rank-
sum tests for continuous variables.

7+ O-values are FDR-adjusted using the BH method.

717 Data on type of breast surgery were unavailable for 3 TP53-PI3K*', 3 TP53-only, and 1 PI3K*'-
only patients; percentages are calculated based on available data

7#17 Hypoxia Score for TCGA was calculated as the mean of three published hypoxia scores (Ragnum,
Winter, Buffa), all of which were individually significant.

Note: All tumours in this analysis are clinically triple-negative (ER-, PR-, HER2-). Differences in
PAMS50 or Integrative Cluster reflect gene-expression—based subtypes, which can sometimes classify
clinically TNBC tumours into subtypes typically associated with ER- or HER2-positive disease.
Patient-level data were obtained from cBioPortal and statistical analyses were generated in R.
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Figure 3-3: Clinical and tumour feature differences across alteration-defined TNBC subgroups. Bar charts (categorical) and box-and-whisker plots
(continuous) show feature distributions across TP53-PI3K*", TP53-only, PI3K**-only, and non-altered TNBC subgroups. Panels a(i-vii): significant features in
METABRIC; panel b: significant combined hypoxia score in TCGA. Global p-values and FDR-adjusted g-values from y? (categorical) or KW (continuous)
tests are indicated on each plot with, significant p- and g-values shown in bold. For TCGA, three published hypoxia scores (Ragnum, Winter, Buffa) were
individually significant and were combined into a single “Hypoxia Score” for plotting.
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Subtype and molecular context: 7P53-PI3K*! tumours were more frequently classified as
cluster 4ER- (16/55: 29%) than TP53-only tumours (13/183: 7%). Cluster 4ER- primarily
represents genomically quiet triple-negative tumours with high lymphocytic infiltration and
immune activation, and is linked to favourable prognosis (598). TP53-PI3K*"' tumours were
less frequently classified as integrative cluster 10 (22/55: 40%) compared with 7P53-only
tumours (142/183: 78%). Cluster 10 primarily represents basal-like TNBC with 7P53

mutations.

The basal PAMS50/Claudin-low subtype was less common in 7P53-PI3K**' tumours (22/55:
40%) than in 7P53-only tumours (114/183: 62%), while the HER2 subtype and HER2 CN gain
(measured by SNP6) were enriched in TP53-PI3K*** tumours (15/55: 28%; and 10/55: 18%,
respectively) relative to 7P53-only tumours (9/183: 5%; and 12/183: 7%;).

TP53-PI3K**' tumours displayed similar basal and HER2 frequencies to PI3K**-only tumours,
but still had unique distributions, including a higher frequency of cluster 9 (7/55: 13% in TP53-
PI3K**; 0% in PI3K**'-only). Cluster 9 represents mostly luminal B BC with high genomic

instability, frequent 7P53 mutations, and intermediate prognosis.

Histologic subtype data are not shown in Figure 3-3 because most tumours in both groups were
ductal/no special type (NST), and the differences in patient numbers across groups were very

small, making these differences unlikely to meaningfully impact downstream analyses.

Patient outcomes and demographics: 7P53-PI3K**' tumours were associated with the highest
proportion of patients deceased due to disease (30/55: 55%) compared to 7P53-only (62/183:
34%), PI3K*"-only (7/20: 35%), and non-altered (14/41: 34%), consistent with the poorer
outcomes observed in the survival analyses. Age at diagnosis was higher in 7P53-PI3K**
compared to 7P53-only (median 60 vs. 53 years) and similar to PI3K**-only (median 62 years).
TP53-PI3K*! patients were also more frequently postmenopausal (43/55: 78%) compared to
TP53-only (108/183: 59%), reflecting the higher proportion of older women in this subgroup.
These age results were not reflected in the TCGA cohort, where no statistically significant
difference was observed between TP53-PI3K** and TP53-only. In terms of surgical treatment,
TP53-PI3K*¢! patients were more frequently treated with mastectomy (36/55: 66%) than 7P53-
only patients (86/183: 47%). This may suggest presentation with more extensive local disease
or reduced suitability for breast-conserving surgery; however, this may also reflect age

distribution and treatment selection biases rather than differences in tumour burden alone.

102



Hypoxia: In TCGA, TP53-PI3K**' tumours exhibited higher combined hypoxia scores than
TP53-only tumours (median 21 vs. 12), calculated as the mean of three published hypoxia
signatures (Ragnum, Winter, Buffa (599—-601)), each of which was individually significant.
Scores in the small PI3K**-only group (n = 4) were similar, consistent with a more hypoxic
tumour microenvironment in PI3K-activated TNBC, though this comparison should be

interpreted with caution due to the limited sample size (602).

Taken together, these results indicate that 7P53-PI3K**' defines a distinct clinical TNBC
subset. Compared with 7P53-only tumours, 7P53-PI3K** tumours are less frequently basal
and cluster 10, enriched in the more prognostically favourable cluster 4ER-, and show
increased HER?2 features. Despite this, TP53-PI3K*** tumours are associated with the poorest
clinical outcomes across all groups, including the highest proportion of disease-related deaths.
These tumours, similar to PI3K**-only, tend to present at older ages, consistent with the idea
that PI3K pathway activation occurs after 7P53 mutation, contributing additional growth or
survival advantages. Importantly, these clinical and demographic patterns alone do not explain
the high-risk behaviour of 7P53-PI3K** TNBC, highlighting the need for a deeper molecular

characterisation to uncover the mechanisms driving their aggressive phenotype.
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3.3.4. Molecular characterisation of 7P53-PI3K?*t TNBC
3.34.1.  Co-occurring genomic alterations in 7P53-PI3K** TNBC

To begin the molecular characterisation of 7P53-PI3K*! TNBC, we assessed whether recurrent
somatic mutations, structural variants, and CNAs across all genes occurred at different
frequencies in 7P53-PI3K*! tumours compared with 7P53-only tumours. This analysis was

conducted in both the METABRIC and TCGA cohorts using cBioPortal.

Following multiple-testing correction, no additional mutations, structural variants, or gene
fusions were significantly enriched in 7P53-PI3K*' tumours. Several deletions reached
significance (e.g. RNLS, KLLN, ATADI, members of the LIP gene family) in both cohorts but
these genes are all located in chromosome 10q23 and are co-deleted with PTEN (603),

explaining their enrichment (results not shown).

Overall, these analyses indicate that 7P53-PI3K** tumours do not harbour recurrent mutations
or CNAs beyond those associated with PTEN co-deletion, suggesting that the high-risk
phenotype is unlikely to be explained by additional recurrent genomic events assessed in this

study
3.3.4.2. TNBC subtype distribution in 7P53-PI3K*

We next sought to determine whether their aggressive clinical behaviour is reflected in, or
potentially driven by, differences in intrinsic TNBC subtype composition. TNBC comprises
multiple biologically distinct subtypes characterised by divergent signalling dependencies,
immune states, and clinical outcomes, as described in established transcriptomic classifications
such as the Lehmann and Burstein TNBC subtype frameworks (Section 1.4.1). These subtypes
are not fully captured by broader BC classifications such as PAMS50 or integrative clustering

alone.

To assess whether 7P53-PI3K*' tumours preferentially associate with specific TNBC
transcriptional subtypes, we performed TNBC subtype classification using the TNBCtype
subtyping tool (http://cbc.mc.vanderbilt.edu/tnbc/index.php). Subtyping was conducted
independently in the METABRIC and TCGA cohorts to account for cohort-specific expression
platforms and definitions, enabling evaluation of the reproducibility of subtype distributions
across datasets. mRNA expression data were obtained from cBioPortal for both cohorts; TCGA
RNA-seq data were used directly for TNBCtype input, whereas METABRIC microarray

expression data were batch-corrected prior to subtype classification. Comparisons were made
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between TP53-PI3K*' tumours and the other alteration-defined subgroups to determine
whether enrichment of particular TNBC subtypes may contribute to the high-risk phenotype

observed in this group.

TNBC subtypes were assigned using the TNBCtype-6 and TNBCtype-4 frameworks.
TNBCtype-6 corresponds to the original six-subtype Lehmann classification, whereas
TNBCtype-4 reflects the revised four-subtype model excluding the IM and MSL groups due to
their stromal and immune origins (604). After removing samples flagged by the tool for
potential ER expression (METABRIC: 4 samples; TCGA: 13 samples) and consolidating
duplicate gene entries by highest variance, subtype classification was completed for the
remaining tumours. The resulting subtype distributions for each alteration-defined subgroup

are shown in Figure 3-4.
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Figure 3-4: TNBC subtype distribution across alteration-defined TNBC subgroups. Stacked bar
charts show the proportion of each TNBC subtype within 7P53-PI3K*, TP53-only, PI3K*"-only, and
non-altered tumours. Data are presented for (a) METABRIC and (b) TCGA cohorts, with TNBC
subtype assignment based on the (i) TNBCtype-6 framework and the refined (ii) TNBCtype-4
framework. Below each chart, tables indicate the number of tumours per subtype and subgroup.

Across both cohorts, TNBCtype-6 classification revealed differences in subtype composition
between alteration-defined groups. In the METABRIC cohort (Figure 3-4a(i)), subtype
distributions differed significantly ()? test with simulated p-value = 1.0x10-%%), with increased
representation of BL2 and LAR subtypes in 7P53-PI3K*' tumours relative to TP53-only
tumours. In the TCGA cohort (Figure 3-4b(i)), a similar trend of increased BL2 representation
in TP53-PI3K*' tumours was observed; however, the overall subtype comparison did not reach

statistical significance (? test with simulated p = 0.080).
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Application of the refined TNBCtype-4 framework showed a consistent pattern of subtype
associations across both cohorts (Figure 3-4a(ii), b(i1)). In METABRIC, subtype distributions
again differed significantly between groups (y? test with simulated p-value = 1.0x10°%), with
enrichment of BL2 and LAR in 7P53-PI3K** tumours. In TCGA, subtype distributions differed
significantly under TNBCtype-4 classification (y? test with simulated p-value = 0.010), with
enrichment of BL2 observed in 7P53-PI3K** tumours. Overall, TNBCtype-4 reassignment
increased the proportion of BL2 and LAR tumours within the 7P53-PI3K*** group. While BL2
enrichment was consistent in both cohorts, LAR enrichment was stronger in METABRIC and

attenuated in TCGA, likely reflecting the PAMS50-based basal TNBC definition.

To assess the impact of removing the TNBCtype ambiguity filter, tumours with near-equal
correlations to two subtype centroids (<0.05 difference) were examined within the 7P53-
PI3K?** subgroup (as described in Section 3.1.7.4). A small number of cases were identified in
both cohorts (METABRIC n = 3; TCGA n = 4). These cases were rare, comprising three
BL2/LAR, two BL1/M, one BL2/M, and one BL1/BL2 classifications, suggesting that the
modified “best-hit” approach had minimal impact on overall subtype structure in 7P53-PI3K**!

tumours.

To determine whether the adverse prognosis associated with 7P53-PI3K?*' tumours could be
explained by their altered TNBC subtype composition, we evaluated survival while accounting
for TNBCType-4 subtype. Cox PH models were fitted in the METABRIC cohort including
alteration-defined subgroup (7P53-PI3K*, TP53-only, PI3K**"-only, non-altered) and standard

clinical covariates, with TNBC subtype included as a stratification factor.

In these subtype-stratified multivariable models (Table 3-7), TP53-PI3K**' tumours remained
associated with significantly poorer outcomes. For OS, 7P53-only tumours showed
substantially improved survival relative to TP53-PI3K*! tumours (HR = 0.42, p = 2.15x10%%),
corresponding to more than a two-fold increased risk of death for 7P53-PI3K®*®' tumours
independent of TNBC subtype and other clinical covariates. Similar findings were observed
for RFS, where TP53-only tumours had significantly lower relapse risk than 7P53-PI3K**
tumours (HR = 0.42, p = 4.85x107%4).

Importantly, the adverse prognostic association of 7P53-PI3K*' tumours remained broadly
consistent when the model was re-specified to account for TNBC subtype (Table 3-7),
compared with the unstratified analysis shown in Table 3-4. In both models, 7P53-PI3K**

tumours showed significantly worse OS and RFS relative to 7P53-only tumours. This suggests
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that the enrichment of specific TNBC subtypes — including BL2 — does not fully explain their
high-risk behaviour.

Table 3-7: Multivariable Cox PH analysis of OS and RFS in the TNBC METABRIC cohort,
stratified by TNBC subtype.

Survival Covariate HR 95% CI1 p-value
Group
TP53-only vs. TP53-PI3K* (n=181vs.54) | 042  0.26-0.66  2.15x10™
PI3K*"-only vs. TP53-PI3K*" (n =20 vs. 54) 0.75 0.35-1.60 0.458
oS’ Non-altered vs. TP53-PI3K™*" (n =40 vs. 54) 0.56 0.31-1.05 0.069
Tumour size (mm) 1.01 1.00-1.02 5.21x10™
Age at diagnosis (time-dependent) - - 4.36x10™
TP53-only vs. TP53-PI3K* 0.42 0.26-0.68 4.85x10™
PI3K*"-only vs. TP53-PI3K*" 0.61 0.27-1.40 0.243
RFS Non-altered vs. TP53-PI3K™" 048  0.24-0.94 0.032
Age at diagnosis 1.00 0.99-1.02 0.842
Nodal status (+ vs. -) 2.11 1.40-3.18 3.97x10™
Tumour size 1.01 1.00-1.02 0.055
Neoplasm histologic grade (G3 vs. G1/2) 1.30 0.71-2.39 0.395

HR is reported for TP53-only relative to the TP53-PI3K* reference group. Models are adjusted clinical
covariates and stratified by TNBC subtype.

7 OS model stratified by nodal status and neoplasm histologic grade and age at diagnosis included as
a time-dependent covariate.

In a separate Cox regression analysis of TNBC subtype (not shown in Table 3-7), using BL2
as the reference group, no subtype was significantly associated with OS. For RFS, only the
UNS subtype showed a significantly reduced risk of recurrence (HR =0.41, p=0.036). Overall,
TNBC subtype provided limited prognostic information, whereas 7P53-PI3K** defined a high-

risk state that was not restricted to any single subtype.

Overall, TP53-PI3K®**' tumours occupy a transcriptionally distinct space relative to the other
TNBC subgroups, most notably characterised by elevated BL2. Although BL2 has been
associated with growth factor signalling and reduced chemotherapy sensitivity (115,605),
survival analyses stratified by TNBC subtype show that TP53-PI3K*' tumours retain
significantly higher risk of death and relapse regardless of subtype. This suggests that their
aggressive phenotype is not merely due to enrichment in high-risk subtypes, but reflects a
distinct molecular state driven by cooperative 7P53 loss and PI3K pathway activation, defining
a cross-subtype high-risk TNBC subgroup whose poor prognosis cannot be fully explained by

intrinsic subtype composition.
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3.3.4.3. Transcriptional profiling of 7P53-PI3K** TNBC

The observed enrichment of BL2 and LAR transcriptional programmes in 7P53-PI3K**
tumours indicates that their aggressive clinical behaviour may be underpinned by distinct gene
expression patterns. To interrogate the molecular basis of this high-risk phenotype, we analysed
mRNA expression profiles of 7P53-PI3K** tumours relative to 7P53-only TNBC across two
independent cohorts, METABRIC (n = 55 vs. 183) and TCGA (n = 35 vs. 118). This analysis
was designed to identify DEGs and dysregulated pathways associated with 7P53-PI3K**
tumours, determine which transcriptional features are consistently observed across independent
cohorts, and uncover molecular mechanisms that may contribute to their aggressive clinical

behaviour.

In METABRIC, 153 genes were significantly (L2FC > 0.585; FDR < 0.05) upregulated and
131 downregulated in 7P53-PI3K*' tumours, as visualised in the volcano plot (Figure
3-5(a(1))), indicating widespread transcriptional changes. In contrast, TCGA showed a more
limited set of DEGs, with 24 upregulated and 14 downregulated genes passing the same
thresholds, shown in the volcano plot (Figure 3-5(b(1))).

In the METABRIC heatmap (Figure 3-5(a(ii))), which illustrates expression of the top 30
DEGs across all subgroups, 7P53-PI3K?*' tumours appeared to cluster together more clearly
than in TCGA (Figure 3-5(b(ii))). Concordance between cohorts at the individual gene level
for the top 30 DEGs was low, with only a single gene overlapping between the two cohorts.
Chloride channel accessory 2 (CLCA2), a calcium-activated chloride channel-associated gene,
has previously been implicated in TNBC biology and is reported to have prognostic relevance,

with higher expression linked to tumour progression and immune microenvironment features

(606,607).

Several of the top upregulated genes in the METABRIC TP53-PI3K** tumours, including
CLCA2, HGD, REEP6, SPDEF, ABCC11, SPINKS, and CRAT, overlapped with a previously
described TNBC co-expression module reported by Zhou et al. (2022), which was associated
with the MC3 metabolic subtype. In that study, these genes were co-ordinately upregulated in
a poor-prognosis metabolic subtype (607). In addition, luminal- and LAR-associated
transcription factors, including SPDEF, FOXAI, and TFAP2B, were upregulated in 7P53-
PI3K*' tumours in METABRIC but not in TCGA (608,609). FOXAI is also a reported
downstream target of PI3K/AKT signalling (610), whereas INPP4B, which was also
upregulated in 7P53-PI3K** tumours, is a negative regulator of PI3K signalling (468).
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In the TCGA cohort heatmap (Figure 3-5(b(ii))), 7P53-PI3K** tumours formed a distinct
cluster characterised by downregulation of PTEN and PTEN-associated genes, including
PTENPI, ATADI, and KLLN, consistent with this subgroup being primarily defined by PTEN
loss (Table 3-2; Figure 3-1).
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Figure 3-5: Differential
gene expression in
TP53-PI3K**  versus
TP53-only TNBC. (a)
METABRIC (n = 299)
and (b) TCGA (n = 171)
cohorts. (i) Volcano
plots showing L2FC
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An overlap analysis of DEGs between the METABRIC and TCGA cohorts (Figure 3-6)
identified five commonly upregulated genes and one commonly downregulated gene across the

two datasets.

a. METABRIC TCGA
(n=55vs. 183) (n =35vs. 118)

CLCA2
S100A8
S100A9

AKRI1B15
DHCR24
IRS2

METABRIC TCGA

L2FC p-value adj. p-value | L2FC p-value adj. p-value
CLCA2 1.88 9.36x10-14 7.36x10-10 3.31 1.99x10-7 1.02x10-3
S100A8 1.33 1.99x10-5 7.57x10-4 2.27 6.99x10-5 3.77x10-2
S100A9 1.14 1.68x10-4 3.60x10-3 2.06 6.88x10-5 3.77x10-2

AKRIBI15 | 091 3.92x10-6 2.30x10-4 2.18 6.86x10-¢ 1.28x10-2
DHCR24 0.70 5.81x10-6 3.10x10-4 1.07 3.13x10-5 2.80x10-2

IRS2 -0.73 2.06x10- 2.44x10- -1.22 2.23x10-5 2.80x10-2

Figure 3-6. Overlap of DEGs between METABRIC and TCGA TP53-PI3K** TNBC cohorts. (a)
Venn diagram illustrating the overlap of significantly upregulated (green) and downregulated (red)
genes between the METABRIC and TCGA datasets. (b) Table summarising the overlapping DEGs,
including L2FC, p-values, and adjusted p-values for each gene in both cohorts

S10048 and S10049, among the overlapping upregulated genes, encode calcium-binding
proteins previously implicated in tumour-associated inflammation, tumour microenvironment
modulation, and TNBC progression, where they have also been proposed as predictive
biomarkers of therapeutic response (611,612). AKRIBI5 and DHCR24, which were also
upregulated in 7P53-PI3K*' TNBC, are both involved in cellular metabolic processes
(613,614), suggesting metabolic reprogramming in these tumours. In contrast, /RS2, the only
overlapping downregulated gene, encodes an adaptor protein involved in insulin and insulin-

like growth factor signalling upstream of the PI3K/AKT pathway (615).
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3.3.4.3.1. Pathway-level enrichment and cross-cohort concordance in TP53-PI3K* TNBC

To further investigate the biological programs underlying the high-risk 7P53-PI3K** group,
we performed GSEA comparing 7P53-PI3K*' and 7P53-only TNBC in METABRIC and
TCGA cohorts, using both Hallmark and Reactome gene sets. Hallmark gene sets provide a
curated overview of core biological processes (616), while Reactome pathways capture more
detailed signalling and metabolic networks (617). Genes were ranked by a composite score of
L2FC x -logio(adj. p-value). Pathways significantly enriched or depleted in either cohort were
visualised using dot plots (Figure 3-7(a,b)).

GSEA in the METABRIC cohort (Figure 3-7(a(i))) showed that 7P53-PI3K*** tumours were
primarily enriched for metabolic pathways, including xenobiotic and drug metabolism, lipid
and fatty acid metabolism, glucuronidation, and biological oxidation processes. Additional
enrichment was observed in androgen response and platelet activation signalling. In contrast,
downregulated pathways were mainly associated with cell cycle progression and genome
maintenance, including G2/M checkpoint regulation, mitotic processes, DNA repair, and

proliferation-related programmes such as MYC targets.

In the TCGA cohort (Figure 3-7(a(ii))), 7P53-PI3K?*' tumours showed enrichment of epithelial
differentiation and immune-related pathways, including keratinisation, cornified envelope
formation, antimicrobial peptide activity, and innate immune system signalling. Additional
enrichment was also observed in mTORCI1 signalling, steroid metabolism, and p53 pathway
gene sets. Notably, E2F targets and cell cycle gene sets were downregulated in 7P53-PI3K*
in METABRIC relative to 7P53-only tumours, but enriched in 7P53-PI3K*' tumours in
TCGA.

To assess whether other pathway-level changes in TP53-PI3K**' tumours were consistent
across cohorts, we first identified all gene sets that were significantly enriched in at least one
dataset (adjusted p-value threshold) and compared the direction of enrichment (NES) between
METABRIC and TCGA. We then indicated which of these pathways were also nominally

significant in the second cohort. These results are presented in Figure 3-7(b).

A substantial proportion of pathways showed directionally concordant enrichment across
cohorts, with a subset also reaching nominal significance in both datasets. These included
metabolic and detoxification programmes such as drug, xenobiotic, lipid metabolism,
alongside immune-related pathways including antimicrobial peptides, innate immune system,

and neutrophil degranulation.
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Several pathways were directionally discordant, showing significant downregulation in
METABRIC but nominal upregulation in TCGA. These included cell cycle and proliferation
programmes (G2/M checkpoint, M phase, mitotic metaphase and anaphase, and cell cycle
checkpoints). In addition, epithelial differentiation-associated gene sets, including
keratinisation and formation of the cornified envelope, were significantly upregulated in TCGA
but nominally downregulated in METABRIC. This may in part reflect differences in TNBC
case definition between the TCGA and METABRIC cohorts.

We examined overlap of leading-edge genes for pathways that showed at least nominal
significance (p < 0.05) in both METABRIC and TCGA (Figure 3-7(c)). Leading-edge genes
represent the core subset of genes driving pathway enrichment in GSEA and therefore provide

a more refined measure of biological concordance than pathway-level significance alone.

Across pathways, a moderate degree of overlap was observed between cohorts, with Jaccard
indices (J) ranging from 0.10 to 0.34. The highest levels of concordance were observed in
metabolic pathways, including phase II conjugation of compounds (J = 0.34), metabolism of
steroids (J = 0.33), and xenobiotic metabolism (J = 0.25), indicating a relatively conserved set
of genes underpinning metabolic reprogramming in 7P53-PI3K**" tumours. Immune-related
pathways showed intermediate concordance, with antimicrobial peptides (J = 0.23), neutrophil
degranulation (J = 0.22), and innate immune system signalling (J = 0.18) displaying consistent,

though less tightly overlapping, gene sets.

Cell cycle-related pathways exhibited greater heterogeneity. While two pathways — E2F targets
and G2/M checkpoint (J = 0.23-0.28) — showed higher levels of overlap, most cell cycle
pathways demonstrated lower overlap overall (J = 0.10-0.16). This suggests that cell cycle-
associated transcriptional programmes are less consistently defined at the gene level and may
be more context-dependent across datasets. Epithelial differentiation pathways, including
keratinisation and formation of the cornified envelope, showed low overlap between
METABRIC and TCGA (J = 0.10). Notably, within each cohort, these two pathways were
driven by identical leading-edge gene sets, indicating that they capture the same underlying

epithelial differentiation signal.
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Figure 3-7: Pathway enrichment and cross-cohort concordance in 7P53-PI3K*" versus TP53-only
TNBC. (a) GSEA dotplots for (i) METABRIC and (ii) TCGA. Genes were ranked by L2FC x -
logio(adj.p). The x-axis represents NES, dot size indicates -logio(adj.p), and colour indicates gene set
category (Hallmark = red and Reactome = blue ). (b) NES heatmap of pathways significant in at least
one cohort, summarising directional concordance between cohorts. NES reflects enrichment or
depletion and dots indicate nominal significance (p-value < 0.05). (¢) Bubble plot showing pathway-
level concordance of leading-edge genes between METABRIC and TCGA. Each point represents a
pathway, positioned by Jaccard index (x-axis), reflecting the proportion of shared leading-edge genes
between cohorts. Bubble size corresponds to the number of overlapping leading-edge genes, and colour
indicates functional category (metabolic = green, immune = blue, cell cycle = red, epithelial
differentiation = purple).

Taken together, these results demonstrate that 7P53-PI3K** TNBC is characterised by a largely
concordant pattern of metabolic and immune-associated transcriptional programmes across
cohorts. In contrast, proliferation and differentiation-related pathways show greater cohort
dependency, underscoring both the biological complexity and context-specific nature of this

high-risk subtype.
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3.3.4.3.2. Single-sample scoring of metabolic, immune, and cell cycle pathway activity in

TP53-PI3K* TNBC

To further contextualise the pathway-level differences identified by GSEA, we generated
ssGSEA scores for the selected metabolic, immune, and cell cycle-related pathways that
showed at least nominal significance in both the METABRIC and TCGA analyses. These
pathway-level scores were calculated for each tumour individually and then summarised as
mean scores for metabolic, immune, and cell cycle programmes. This approach enabled
comparison of overall pathway activity across the four alteration-defined subgroups (7P53-
PI3K®*!, TP53-only, PI3K**"-only, and non-altered). Statistical comparisons were performed on
both the aggregated programme scores and individual pathway scores, with all results presented

in Table 3-8. Mean programme scores are additionally illustrated in Figure 3-8.

In the METABRIC cohort, metabolic pathway activity was significantly higher in 7P53-
PI3K®¢' tumours compared with 7P53-only tumours, consistent with GSEA findings. However,
no significant differences were observed when TP53-PI3K®*®' tumours were compared with
PI3K*'-only tumours, indicating no evidence of further enhancement of metabolic activity in
the combined 7P53-PI3K** state. In the TCGA cohort, metabolic pathway scores showed a
similar pattern, with higher scores in 7P53-PI3K*"' tumours compared with 7P53-only
tumours, but no significant differences relative to PI3K**-only or non-altered tumours. Overall,
these findings suggest that while metabolic pathway activity is associated with 7P53-PI3K**!
tumours relative to 7P53-only disease, there is no evidence of additional metabolic activation

beyond that observed with PI3K pathway alteration alone.

Immune-related pathway activity was significantly higher in 7P53-PI3K®*®' tumours compared
with 7P53-only tumours in METABRIC, and also compared with PI3K*'-only tumours,
indicating a more pronounced immune-associated transcriptional state in the combined 7P53-
PI3K** subgroup. No significant differences were observed when compared with non-altered
tumours, although this group showed greater variability in immune scores, as reflected by wider
dispersion in the boxplots (Figure 3-8(b)). This pattern was driven by multiple immune
signatures, including antimicrobial peptide activity and innate immune system pathways. In the
TCGA cohort, immune pathway differences were less consistent, with significant differences
largely restricted to antimicrobial peptide activity in 7P53-PI3K*' tumours compared with
TP53-only tumours, and no significant differences observed for the overall immune

programme score or other immune pathways. Overall, these findings suggest that immune
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pathway activation associated with 7P53-PI3K*" is most robust in METABRIC, with only
partial and pathway-specific reproducibility in TCGA.

Cell cycle-related pathways showed the most discordant patterns between cohorts and
analytical approaches. In METABRIC, ssGSEA-derived scores indicated significantly lower
cell cycle activity in 7P53-PI3K?**' tumours compared with 7P53-only tumours, consistent with
the direction observed in GSEA. In contrast, 7P53-PI3K*** tumours exhibited higher cell cycle
activity relative to both PI3K**'-only and non-altered tumours, suggesting subgroup-dependent
divergence in proliferative signalling within the cohort. In TCGA, despite GSEA evidence of
increased cell cycle pathway enrichment in 7P53-PI3K* versus 7P53-only tumours, this was
not reflected in ssGSEA scores, which showed no statistically significant differences across
alteration-defined subgroups or in the aggregated cell cycle programme score. This indicates
that group-level enrichment signals in TCGA are not consistently captured at the single-sample

pathway activity level.

Overall, metabolic activity emerged as the most robust feature, showing consistent elevation
in TP53-PI3K*" tumours across cohorts, but without evidence of additional activity beyond
PI3K®*-only disease. Immune activity showed a more 7P53-PI3K**-specific signal in
METABRIC, distinguishing this group from both 7P53-only and PI3K**'-only tumours, and
was partially reproducible in TCGA. Cell cycle activity demonstrated more context-dependent
differences. In METABRIC, TP53-PI3K?*! tumours showed an intermediate level relative to
TP53-only and PI3K**-only groups, consistent with a moderate proliferative state. In TCGA,
the group-level GSEA signal indicating cell cycle pathway enrichment in 7P53-PI3K*" was
not evident in ssGSEA, although this may reflect the greater sensitivity of GSEA to subtle,
coordinated pathway-level shifts that are not always captured in single-sample analyses. This
discrepancy may also be influenced by TCGA’s TNBC definition based on PAMS50 basal

tumours, which have a higher baseline proliferative state and may reduce intergroup contrast.
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Table 3-8: Single-sample pathway activity scores across 7P53- and PI3K-defined TNBC subgroups in METABRIC and TCGA cohorts.

METABRIC TCGA
ssGSEA score TP53-PI3K™" vs. TP53-PI3K™" vs.
Overall | TP53-only PI3K*-only Non-altered | Overall | TP53-only PI3K*'-only Non-altered
Metabolic Activity 1.9x10"7 3.7x10" 0.733 0.125 0.013 0.014 0.358 0.048
Phase II conjugation of compounds | 1.1x10" 3.5x10" 0.788 0.229 0.268 0.450 0.950 0.400
Metabolism of steroids 2.1x10° 1.1x10™ 0.586 0.099 1.3x10" 1.3x10" 0.491 8.5x10™
Xenobiotic metabolism 1.6x10™ 6.4x10" 0.753 0.695 0.029 0.014 0.732 0.732
Drug ADME 1.4x10 2.2x10 0.679 0.106 0.133 0.170 0.690 0.170
Metabolism of lipids 9.7x10™" 6.8x10"" 0.995 0.095 0.185 0.330 0.120 0.730
Immune Activity 4.4x10" | 2.1x10" 0.019 0.917 0.202 0.200 0.800 0.800
Antimicrobial peptides 0.014 0.028 0.028 0.454 0.032 0.030 0.880 0.520
Neutrophil degranulation 2.7x10° 5.1x10" 0.056 0.965 0.350 0.420 0.950 0.950
Innate immune system 4.4x10°" 5.3x10™" 0.073 0.449 0.353 0.410 0.410 0.780
Cell Cycle Activity 2.1x10 1.4x10™ 0.060 3.6x10™ 0.235 0.240 1.000 0.970
G2M checkpoint (H) 2.9x10 2.9x10" 0.037 6.0x10" 0.337 0.350 0.940 0.940
E2F targets 6.7x10™ 4.5x10" 0.039 0.002 0.203 0.230 0.840 0.840
Cell cycle 2.6x10™" 1.6x10"* 0.090 2.3x10™ 0.280 0.280 0.840 0.840
M phase 8.4x10™ 4.8x10°* 0.108 1.5x10™" 0.358 0.420 0.860 0.860
Cell cycle mitotic 9.4x107"° 1.2x10"* 0.075 1.7x10"" 0.314 0.330 0.880 0.880
Cell cycle checkpoints 4.2x10™ 3.4x10" 0.088 9.7x10™" 0.188 0.240 0.950 0.840
Mitotic metaphase and anaphase 1.5x10" 6.4x10° 0.048 4.4x10™" 0.172 0.260 0.770 0.770
G2M checkpoints (R) 2.7x10 6.0x10" 0.278 2.5x10" 0.053 0.056 0911 0.449

H = Hallmark; R = Reactome
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Figure 3-8: Pathway programme activity across alteration-defined TNBC subgroups. Box-and-
whisker plots show z-score normalised (a) metabolic, (b) immune, and (c) cell cycle programme scores
across TP53-PI3K*', TP53-only, PI3K*"-only, and non-altered tumours. Programme scores were
calculated as the mean ssGSEA-derived enrichment scores across gene sets within each functional
category. Panels are shown for (i) METABRIC and (ii) TCGA cohorts. Statistical significance is
indicated as * adj.p < 0.05, ** adj.p < 0.01, *** adj.p < 0.001.
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3.3.4.4. Differential protein expression in 7P53-PI3K*** TNBC

To complement transcriptional analyses, we examined protein-level differences in 7P53-
PI3K*'versus TP53-only TNBC using TCGA RPPA data. RPPA measurements were available
for 30 TP53-PI3K*** and 96 TP53-only, 4 PI3K*"-only, 13 non-altered tumours. Using linear
modelling with empirical Bayes moderation, we identified proteins differentially expressed
between TP53-PI3K*'and TP53-only tumours (L2FC > 0.263, adjusted p < 0.05). Significant
protein expression patterns were subsequently visualised across all alteration-defined

subgroups to contextualise these differences (Figure 3-9).

Several proteins showed significant changes consistent with elevated PI3K-AKT pathway
activity. AKT phosphorylation at S473 and T308 was increased, reflecting pathway activation,
while GSK3a/B phosphorylation at S9 indicated downstream inhibition by AKT (618).
NDRGT1 phosphorylation at T346 was also elevated, consistent with PI3K-mediated stress and
hypoxia signalling (619). Conversely, p27 (CDKN1B), a cyclin-dependent kinase inhibitor,
was reduced, suggesting diminished cell cycle restraint (620). Finally, BCL2, an anti-apoptotic
protein, was decreased, potentially reflecting compensatory survival signalling changes in

response to sustained PI3K-AKT activation (621).

Together, these protein-level changes are consistent with canonical PI3K-AKT activation.
Despite limited comparison with PI3K**'-only tumours, their concordance with established
PI3K signalling indicates that they primarily reflect PI3K pathway activity, rather than a 7P53-
PI3K**-specific effect.
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Figure 3-9: Differentially expressed proteins in 7P53-PI3K*" versus TP53-only TNBC from TCGA RPPA analysis. Boxplots show log> normalised RPPA
protein expression levels for significantly differentially expressed proteins (L2FC > 0.263, BH-adjusted p < 0.05) identified from differential analysis comparing
TP53-PI3K* and TP53-only tumours. Panels display AKT phosphorylation at S473 and T308, GSK3a/B phosphorylation at S9, NDRG1 phosphorylation at
T346, and total protein levels of p27 (CDKN1B) and BCL-2. Statistical testing was performed only between 7P53-PI3K*" (n = 30) and TP53-only (n = 96)
tumours; PI3K*"-only (n = 4) and non-altered (n = 13) groups are shown for visual comparison but were not included in significance testing due to small sample
size. BH-adjusted significance for the primary comparison is indicated in red with asterisks.
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3.4. Summary

This chapter defines and characterises a TP53-PI3K pathway-activated (7P53-PI3K*")
subgroup of TNBC that is consistently associated with poor clinical outcomes across
independent cohorts. By extending beyond 7P53-PIK3CA co-mutation to include AKTI
mutations and PTEN loss, a biologically coherent and clinically high-risk group is identified

that captures additional aggressive tumours without diluting prognostic signal.

Across both METABRIC and TCGA cohorts, 7P53-PI3K** tumours show independently
worse survival outcomes that persist after adjustment for standard clinical covariates and are
not explained by differences in TNBC intrinsic subtype composition. While enriched for BL2
and LAR transcriptional programmes and displaying some cohort-specific differences in
subtype distribution, their adverse prognosis remains robust when accounting for TNBC
subtype, indicating that subtype enrichment does not fully account for their aggressive

behaviour.

Molecularly, 7P53-PI3K** tumours are defined primarily by canonical PI3K/AKT pathway
activation, alongside consistent metabolic reprogramming and partially reproducible immune-
associated transcriptional changes. In contrast, proliferation- and differentiation-related
programmes show greater heterogeneity between cohorts, reflecting both biological context
and differences in cohort composition. Protein-level analyses further confirm activation of

PI3K/AKT signalling and downstream effects on cell cycle and survival pathways.

Overall, TP53-PI3K**' represents a reproducible, cross-cohort high-risk TNBC subset
characterised by convergent 7P53 loss and PI3K pathway activation, with distinct metabolic
and signalling features that are not fully captured by existing clinical or intrinsic subtype
classifications. These findings support its potential utility for refined prognostic stratification

and highlight PI3K-associated biology as a key contributor to aggressive TNBC behaviour.
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4. Targeting PI3K/AKT signalling in 7P53
and PIK3CA co-mutated TNBC: dual
inhibition with alpelisib and RTK

inhibitors
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4.1. Introduction

The previous chapter identified 7P53-PI3K*! as a clinically aggressive subgroup of TNBC
defined by the co-occurrence of 7P53 mutation and genomic alterations predicted to activate
PI3K signalling. This subgroup exhibited consistently poor clinical outcomes across
independent cohorts and was characterised by transcriptional and proteomic features indicative
of PI3K pathway activation, alongside metabolic and immune-associated programmes.
Importantly, these features were not fully explained by intrinsic TNBC subtype composition,
suggesting that the convergence of 7P53 dysfunction and PI3K pathway activation defines a

key driver of tumour behaviour in this context.

PIK3CA mutations represent a well-defined and therapeutically actionable alteration within the
PI3K pathway. Alpelisib, a PI3Ka-selective inhibitor approved for PIK3CA-MUT BC (as
detailed in Section 1.6.1.2., Chapter 1), therefore provides a clinically relevant approach to test
whether PI3K pathway activation in TNBC can be effectively targeted. To enable controlled
functional investigation, this study focuses on TNBC models harbouring 7P53 mutation,
PIK3CA mutation, or both, using TP53/PIK3CA co-mutant systems as an experimentally
tractable proxy for the broader 7P53-PI3K**! state.

However, clinical and preclinical studies have shown that PI3K inhibition alone is often
insufficient to treat cancers, due to rapid adaptive resistance, frequently mediated through
feedback reactivation of RTK signalling (622). This is particularly true in TNBC, where growth
factor signalling in transcriptional subtypes such as BL2 (605), was enriched in 7P53-PI3K**
tumours (Chapter 3). In addition, loss of functional p53 due to mutations, may further
exacerbate RTK-driven signalling; as WT p53 has been implicated in constraining aberrant
RTK activity (623—625). Together, these mechanisms suggest that PI3K inhibition in 7P53-
MUT TNBC may be accompanied by compensatory RTK activation, limiting PI3K inhibitor
efficacy.

Based on this, we hypothesised that dual targeting of PI3K and RTK signalling may enhance
therapeutic response in TP53/PIK3CA co-mutant TNBC. To test this, the PI3Ka inhibitor
alpelisib was evaluated alone and in combination with RTK inhibitors, including crizotinib,
capmatinib, and ceritinib, which target MET and related signalling pathways. These agents
were selected based on their clinical availability and their potential to suppress compensatory

signalling mechanisms associated with PI3K inhibition.
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By comparing responses in 7P53-MUT, PIK3CA-MUT, and TP53/PIK3CA co-mutant
systems, this study aims to determine whether co-occurring 7P53 mutation modifies sensitivity
to PI3K-targeted therapy and whether combination strategies can overcome resistance

mechanisms in this high-risk TNBC subset.

4.2. Identification of 7P53- and/or PIK3CA-MUT TNBC cell line

models

The DepMap portal was used to identify cell lines of the ER-negative/HER2-negative
molecular subtype (TNBC) harbouring 7P53 and/or PIK3CA mutations (see Table 4-1). The
mutational status of 4AKT1/2/3 was also determined via DepMap to assess the presence of
activating mutations in the AKT family. PTEN CN was assessed using the Cancer Cell line
Encyclopaedia (CCLE) dataset in cBioPortal. As previously discussed, both PTEN loss and
AKT mutations can drive aberrant PI3K/AKT signalling, therefore, preference was given to
cell lines that were AKT-WT and diploid for PTEN to minimise confounding effects. Where
possible, cell lines harbouring hotspot mutations in 7P53 and PIK3CA were also prioritised.
Each cell line was cross-referenced with the literature to confirm BC origin, TNBC subtype,
and mutational and CN status.

Table 4-1: Panel of TNBC cell lines harbouring 7P53 and/or PIK3CA mutations, detailing TNBC
subtype classification, specific gene mutations, and PTEN CN status (104,117).

Cell Line TNBC Subtype TP53 PIK3CA PTEN AKT
Lehmann/Burstein

MDA-MB-468 BL1/BLIS R273H WT Loss'tf WT
HDQ-P1 BL2/BLIS R213* WT Diploid WT
BT-20f UNC K132Q | HI1047R;P539R | Low expression'ffT WT
MFM-223 LAR/LAR K132R H1047R Diploid WT
MDA-MB-453* LAR/LAR WT H1047R Diploid WT
CAL-51 M/MES WT E542K LosstfT WT

7 The BT-20 cell line is unclassified with regards to TNBC subtype due to its low correlation with
defined TNBC subtypes or overlapping characteristics across multiple subtypes (626).

71 Despite some studies classifying the MDA-MB-453 cell line as HER2-amplified based on elevated
HER2 mRNA expression, its HER2 protein levels remain relatively low (627).

717 Although cBioPortal reports a diploid PTEN CN for MDA-MB-468, literature evidence indicates
that a specific PTEN mutation leads to functional loss in this cell line (628).

7171 Although cBioPortal reports a PTEN deep deletion in BT-20, literature evidence shows that PTEN
is not deleted but rather expressed at low levels in this cell line (629).

717117 Although cBioPortal reports a diploid PTEN CN for CAL-51, literature evidence indicates that
a specific PTEN mutation leads to functional loss in this cell line (630).
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TP53-MUT / PIK3CA-WT

The MDA-MB-468 and HDQ-P1 cell lines were selected to represent a 7P53-MUT/PIK3CA-
WT TNBC cohort. MDA-MB-468 harbours the 7P53 R273H hotspot mutation and HDQ-P1
carries the 7P53 R213* hotspot mutation (631). According to the Lehmann TNBC
classification, MDA-MB-468 and HDQ-P1 belong to the BL1 and BL2 subtypes, respectively
(104), both of which align with the BLIS subtype in the Burstein classification (117). It is worth
noting that EGFR is amplified in MDA-MB-468 (315).

TP53-WT / PIK3CA-MUT

The MDA-MB-453 and CAL-51 cell lines both harbour PIK3CA hotspot mutations — HI047R
and E542K, respectively (632). According to the Lehmann classification, MDA-MB-453 is
categorised as LAR (104), aligning with the LAR subtype in the Burstein classification (117).
Notably, there is inconsistency in the literature regarding the BC subtype of MDA-MB-453,
with some sources describing it as TNBC and others as HER2-overexpressing. This likely
reflects high HER2 mRNA expression despite insufficient HER2 protein levels to classify the
cells as HER2-positive (627). For the purposes of this study, MDA-MB-453 was classified as
TNBC based on its HER2 protein expression. CAL-51 is classified as M by the Lehmann
system (104), corresponding to the MES subtype in the Burstein classification (117). Although
CAL-51 is diploid for PTEN, it harbours a PTEN LOF mutation. These cell lines were selected
to represent a TP53-WT/PIK3CA-MUT TNBC cohort, based on the presence of specific
PIK3CA hotspot mutations commonly found in TNBC (633).

TP53-MUT / PIK3CA-MUT

The BT-20 and MFM-223 cell lines both harbour mutations in 7P53 and PIK3CA. Both cell
lines carry 7P53 mutations at codon 132 (K132Q in BT-20 and K132R in MFM-223), which
occur within the DNA-binding domain of the p53 protein (634). In addition, both cell lines
possess the H1047R hotspot mutation in PIK3CA. BT-20 also carries the less common P539R
mutation, which has been reported to co-occur with H1047R (635). According to the Lehmann
classification, BT-20 is deemed as UNC, indicating it could not be assigned to a specific TNBC
subtype (104). Furthermore, EGFR is amplified in this cell line (636). These cell lines were
selected to represent a 7P53/PIK3CA co-mutant TNBC cohort due to their availability in the
laboratory. Alternative cell lines, such as SUMI159PT and CAL-148, may be considered for

future studies.
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4.3. Effects of single-agent targeted therapies on TNBC cell lines

harbouring 7P53 and/or PIK3CA mutations
4.3.1. Reduced sensitivity to alpelisib in 7P53/PIK3CA co-mutant TNBC

As outlined in Section 1.6.1.2. (Chapter 1), alpelisib is the only FDA-approved PI3K inhibitor
that selectively targets the p110a isoform of PI3K (637), receiving regulatory approval for the
treatment of HR-positive/HER2-negative BC (458). This study seeks to repurpose alpelisib for
the treatment of TNBC and to enhance therapeutic efficacy through the application of
synergistic drug combinations. Alpelisib was selected for investigation due to its specificity for

PIK3CA-MUT cancers and its prior approval in a distinct BC subtype.

Based on the SOLAR-1 trial, the maximum plasma concentration (Cmax) of alpelisib at steady

state (300 mg daily) is ~2480 ng/mL (638), which converts to ~5.62 uM, calculated as follows:

alpelisib Cpmax = 2480 ng/mL

alpelisib molecular weight 441.47 g/mol

Sensitivity to alpelisib was assessed across a panel of TNBC cell lines with results illustrated

in see Figure 4-1.
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Figure 4-1: Antiproliferative effects of alpelisib on 7P53- and/or PIK3CA-MUT TNBC cell lines.
The proliferation of TNBC cell lines was assessed following 5 days of treatment with increasing
concentrations of alpelisib (0-10 uM). Percentage growth was calculated relative to untreated control
cells. Alpelisib concentrations (nM) were plotted on a logio scale against percentage cell growth. Error
bars indicate the SD of biological replicate experiments (n = 2). ICso values (uM) were determined using
CalcuSyn software.

The antiproliferative response to alpelisib varied according to the 7P53 and PIK3CA

mutational status of the TNBC cell lines.

TP53-WT/PIK3CA-MUT

The TP53-WT/PIK3CA-MUT cell lines, MDA-MB-453 and CAL-51, exhibited the greatest
sensitivity, with ICso values of 0.60 + 0.11 uM and 0.43 = 0.09 uM, respectively, falling below
the Cmax. This observation aligns with the known mechanism of action of alpelisib. Minimal
variation in ICso values between MDA-MB-453 and CAL-51 cell lines suggests that alpelisib
effectively targets both the H1047R and E542K PIK3CA mutations with comparable potency.

TP53-MUT/PIK3CA-WT

The TP53-MUT/PIK3CA-WT cell lines, MDA-MB-468 and HDQ-P1, exhibited markedly
reduced sensitivity to alpelisib, as anticipated given the absence of activating PIK3CA
mutations. Of these cell lines, MDA-MB-468 was the least responsive, with a significantly
higher 1Cso value of 5.14 = 1.12 uM (at the Cmax) compared to all other cell lines, including
HDQ-PI1. Although HDQ-P1 is PIK3CA-WT, its relatively lower ICso value (2.05 = 0.16 uM)
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compared to MDA-MB-468 suggests a differential response to alpelisib among 7P53-MUT

cell lines.

TP53-MUT/PIK3CA-MUT

The TP53/PIK3CA co-mutant cell lines, BT-20 and MFM-223, exhibited reduced sensitivity
to alpelisib compared to the PIK3CA-MUT cell lines lacking 7P53 mutations, with ICso values
0f2.22+0.41 uM and 1.07 + 0.06 uM, respectively. Notably, BT-20, which harbours both the
H1047R and P539R PIK3CA mutations, demonstrated lower sensitivity than both the
TP53/PIK3CA co-mutant MFM-223 cell line and the 7P53-MUT/PIK3CA-WT HDQ-P1.

These proliferation assay results indicate that 7P53 mutations may attenuate the sensitivity of

PIK3CA-MUT TNBC cell lines to alpelisib.

4.3.2. Targeting TNBC with RTK inhibitors

In this section, we sought to evaluate the efficacy of crizotinib as a single agent across our

panel of TNBC cell lines before assessing its potential in combination with alpelisib.

4.3.2.1.RTK targets of crizotinib are upregulated in TNBC compared to other BC
subtypes

DEA was performed on TCGA BC data, as described in Section 2.1.7.1. (Chapter 2), to assess
the expression of genes encoding the primary targets of crizotinib (ALK, ROS, and MET).
Expression in TNBC (basal) tumours was compared to other BC subtypes, with results
summarised in Figure 4-2. All three RTK targets were significantly upregulated in basal
relative to other BC subtypes. Specifically, ROS proto-oncogene 1 (ROS1), MET, and ALK
exhibited L2FCs of 1.84 (adj. p = 1.01E2%), 1.71 (adj. p = 8.74E%), and 1.61 (adj. p = 3.96E"
16), respectively. These findings indicate that multiple crizotinib targets are transcriptionally

enriched in basal/TNBC, supporting the rationale for targeting RTK signalling in this context.
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Figure 4-2: Differential expression of crizotinib target genes in basal versus other BC subtypes in
TCGA. (a) Boxplots showing voom-normalised expression of ROSI, MET, and ALK across BC
subtypes. Samples were grouped as basal (TNBC) or other BC subtypes. Points represent individual
tumour samples; boxplots indicate median and IQR. (b) DEA results for ROSI, MET, and ALK
comparing basal versus other BC subtypes.

Crizotinib (Xalkori) is a clinically approved multi-targeted RTK inhibitor primarily targeting
MET, ALK, and ROS1. It was initially approved by the FDA in 2011 for ALK-positive NSCLC
(639), with subsequent approvals extended to ROSI-rearranged NSCLC (640), ALK-positive
systemic anaplastic large cell lymphoma (SALCL) (641), and ALK-positive inflammatory
myofibroblastic tumours (642). Although previously evaluated in a phase II clinical trial in
TNBC, no clinical responses were observed in the small cohort enrolled, highlighting the need

for further investigation of its potential utility in this setting (643).

4.3.2.2.Differential sensitivity of TNBC cell lines to crizotinib treatment

Based on results from a Pfizer pharmacokinetic study, the Cnax of crizotinib at steady state (250

mg twice daily) is ~368 ng/mL (644), which converts to ~0.82 pM, calculated as follows:

crizotinib Crax 368 ng/mL

crizotinib molecular weight 450.34 g/mol
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Sensitivity to crizotinib was assessed across a panel of TNBC cell lines using 5-day acid

phosphatase proliferation assays (see Figure 4-3)
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Figure 4-3: Antiproliferative effects of crizotinib on 7P53- and/or PIK3CA-MUT TNBC cell lines.
The proliferation of TNBC cell lines was assessed following 5 days of treatment with increasing
concentrations of crizotinib (0-10 uM). Percentage growth was calculated relative to untreated control
cells. Crizotinib concentrations (nM) were plotted on a logo scale against percentage cell growth. Error
bars indicate the SD of biological replicate experiments (n = 2). ICso values (uM) were determined using
CalcuSyn software.

The antiproliferative effects of crizotinib varied among the TNBC cell lines (as shown in Figure
4-3), however, no clear correlation was seen. Additionally, all of the ICso values exceed

crizotinib’s Cmax (0.82 uM) (i.e. TNBC is not responsive to crizotinib).

TP53-MUT/PIK3CA-WT

Among the TP53-MUT/PIK3CA-WT cell lines, HDQ-P1 had a higher ICso (2.12 + 0.03 uM),
while MDA-MB-468 had an ICso (1.21 +0.002 pM) within the range observed for the
TP53/PIK3CA co-mutant cell lines.

TP53-WT/PIK3CA-MUT

Similar to the findings with alpelisib, the 7P53-WT/PIK3CA-MUT CAL-51 cell line exhibited
the greatest sensitivity to crizotinib, with an ICso value of 0.82 £ 0.04 uM. In contrast, another
cell line with the same mutational profile, MDA-MB-453, was one of the least sensitive, with

an ICso value of 2.68 £ 0.11 uM.
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TP53-MUT/PIK3CA-MUT

The TP53/PIK3CA co-mutant cell lines, BT-20 and MFM-223 demonstrated moderate
sensitivity (relative to the other TNBC cell lines) to crizotinib, with ICso values of 1.35

+0.08 uM and 2.94 +0.18 uM, respectively.

Taken together, despite transcriptional upregulation of crizotinib target genes in TCGA TNBC
tumours (Figure 4-2), TNBC cell lines exhibited limited antiproliferative response, with all
ICso values exceeding the clinically achievable Cmax. In addition, crizotinib response varied
across TNBC cell lines with different 7P53 and PIK3CA mutational statuses, without a clear

genotype-response relationship.

4.3.2.3.Sensitivity of TP53/PIK3CA co-mutant TNBC cell line to ALK inhibitor and

resistance to MET inhibitor

Capmatinib is a selective MET inhibitor, while ceritinib is an ALK inhibitor with additional
activity against ROS1 (645,646). These agents were selected to determine whether sensitivity
to crizotinib in our model was driven by inhibition of a single dominant RTK (i.e. MET or

ALK/ROSI individually) or instead reflected broader multi-target RTK inhibition.

Based on results from a phase I clinical study, the Cmax of capmatinib at steady state (400 mg

twice daily) is ~4190 ng/mL (647), which converts to ~11.92 uM, calculated as follows:

capmatinib Crax = 4910 ng/mL

capmatinib molecular weight 412.42 g/mol

Based on results from a pharmacokinetic study, the Cmax of ceritinib at steady state (750 mg

once daily) is ~1010 ng/mL, which converts to ~1.81 uM.

ceritinib Cax = 1010 ng/mL

ceritinib molecular weight 558.14 g/mol

Both FDA-approved drugs were evaluated exclusively in the TP53/PIK3CA co-mutant MFM-
223 cell line as potential alternatives to crizotinib for use in combination with alpelisib, as
shown in Figure 4-4. For direct comparison of RTK sensitivity, results from MFM-223 cells

treated with crizotinib (as shown in Figure 4-3) were also included.
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Figure 4-4: Antiproliferative effects of RTK inhibitors on TP53/PIK3CA co-mutant TNBC cell
line with RTK target gene alterations. The proliferation of MFM-223 was assessed following 5 days
of treatment with increasing concentrations of crizotinib, ceritinib, and capmatinib (0-10 uM).
Percentage growth was calculated relative to untreated control cells. Drug concentrations (nM) were
plotted on a logio scale against percentage cell growth. Error bars indicate the SD of biological replicate
experiments (n = 2).

The TP53/PIK3CA co-mutant MFM-223 cell line demonstrated some sensitivity to both
crizotinib and ceritinib, particularly at higher drug concentrations, but showed no response to
capmatinib, as illustrated in Figure 4-4. Ceritinib induced a response at 2.5 uM (ICso = 2.32 +
0.001 uM), which exceeds its clinically achievable Cnax. Although MFM-223 harbours an ALK
DI1311N variant within the kinase domain, this mutation is reported to be non-transforming
and does not affect ALK autophosphorylation, suggesting it is functionally inert (648). An ICso
value could not be calculated for capmatinib using CalcuSyn, as the MFM-223 cell line did not
exhibit any inhibitory response to the drug. Notably, cell viability exceeded 100% at several
concentrations, indicating a pro-proliferative response. These data indicate that selective MET
inhibition with capmatinib, and ALK inhibition with ceritinib, both produce limited anti-
proliferative effects, suggesting that neither RTK alone is a dominant single-agent therapeutic

target in this 7P53/PIK3CA co-mutant model
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4.3.3. Summary

Table 4-2: I1Cso values for alpelisib, crizotinib, ceritinib, and capmatinib across a panel of 7P53- and/or PIK3CA-MUT TNBC cell lines.

ICso  (uM)

Cell Line TP53/PIK3CA Alpelisib Crizotinib Ceritinib Capmatinib
MDA-MB-468 TP53-MUT/PIK3CA-WT 514+ 1.12 1.21 +£0.002 - -
HDQ-P1 TP53-MUT/PIK3CA-WT 2.05+0.16 2.12 £ 0.03 - -
BT-20 TP53-MUT/PIK3CA-MUT 2.22+041 1.35+0.08 - -

MFM-223 TP53-MUT/PIK3CA-MUT 1.07 +£0.06 2.94+0.18 2.32+£0.001 > 10

MDA-MB-453 TP53-WT/PIK3CA-MUT 0.60+0.11 2.68 £0.11 - -
CAL-51 TP53-WT/PIK3CA-MUT 0.43 £0.09 0.82 £ 0.04 - -

The mutational status of 7P53 and PIK3CA appeared to influence the response to the PI3K inhibitor alpelisib, as reflected by the ICso values
presented in Table 4-2. Cell lines harbouring a PIK3CA mutation alone were the most sensitive, whereas those with a co-occurring 7P53 mutation
exhibited increased resistance. Additionally, cell lines with EGFR amplification showed further resistance to alpelisib compared to a cell line with
the same 7P53 and PIK3CA mutational background but without EGFR amplification (i.e. MDA-MB-468 vs. HDQ-P1 and BT-20 vs. MFM-223).
These findings suggest that 7P53 mutations and EGFR amplification may independently contribute to reduced sensitivity to PI3K inhibition in
PIK3CA-MUT TNBC.

No clear correlation was observed between 7P53 or PIK3CA mutational status and response to crizotinib, as cell lines exhibited variable sensitivity
irrespective of genetic background. Although crizotinib targets (MET, ALK, and ROSI) were transcriptionally upregulated in TCGA TNBC
tumours relative to other BC subtypes, all TNBC cell lines exhibited ICso values exceeding the clinically achievable Ciax, indicating limited single-
agent activity in vitro. This may reflect a disconnect between tumour-level transcriptional enrichment and functional drug dependency in cell lines,
potentially driven by pathway redundancy and compensatory signalling. However, crizotinib may retain utility in combination settings where RTK
signalling is functionally engaged. Similarly, capmatinib and ceritinib may be more relevant as components of rational combination strategies

rather than monotherapies in TNBC.
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4.4. Effects of RTK-targeted therapies in combination with PI3K
inhibitor alpelisib on TNBC cell lines harbouring 7P53
and/or PIK3CA mutations

This section investigates the therapeutic potential of combining alpelisib with crizotinib,
ceritinib, or capmatinib in TNBC. Given the limited efficacy of alpelisib as a single agent —
particularly in 7P53/PIK3CA co-mutant cell lines — we hypothesised that resistance to PI3K
inhibition may, in part, be mediated by compensatory signalling. Although TNBC cell lines
were not highly sensitive to RTK inhibition as single agents, RTK genes (MET, ALK, and
ROSI) were transcriptionally upregulated in TCGA TNBC tumours relative to other BC
subtypes (Figure 4-2). This suggests that these pathways may still contribute to TNBC biology
and represent potential upstream signalling routes that could be therapeutically exploited
through co-targeting strategies, consistent with previously described mechanisms of
PI3K/AKT/mTOR inhibitor resistance involving RTK reactivation (Table 1-9, Chapter 1).
Accordingly, combination strategies were evaluated to determine whether concurrent

inhibition of PI3K and RTK signalling could enhance treatment efficacy.

Based on the single-agent ICso results presented in Section 4.3 (Table 4-2), five serial
concentrations of each drug were selected for treatment of the cell lines. The specific

concentration ranges used are detailed in Table 2-6 (Chapter 2).

4.4.1. Crizotinib in combination with alpelisib

TNBC cell lines were treated with alpelisib, crizotinib, or a fixed-ratio combination of both
agents to assess potential combinatorial effects between PI3K and RTK inhibition.
Combination responses were evaluated using dose-response modelling to determine ICso
values, CI scores, and DRIs, allowing assessment of both synergy and potential for clinically
relevant dose reduction relative to each drug’s single-agent activity. Interpretation of CI values

follows the Chou-Talalay classification framework (see Table 2-7, Chapter 2).
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4.4.1.1.Moderately synergistic response to alpelisib and crizotinib combination in 7P53-
MUT/PIK3CA-WT TNBC cell lines
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Figure 4-5: Antiproliferative effects of crizotinib, alpelisib, and their combination on 7P53-
MUT/PIK3CA-WT TNBC cell lines: (a) MDA-MB-468 and (¢) HDQ-P1. Drug concentrations (nM)
plotted on a log)o scale against percentage cell growth with the drug ratios for alpelisib plus crizotinib
indicated (alpelisib:crizotinib). Error bars represent the SD from independent biological replicates (n =
3). Statistical significance of differences in cell growth between treatment conditions was assessed using
Student’s t-test, with significant results shown in bar charts for (b) MDA-MB-468 and (d) HDQ-P1
(drug concentrations shown in uM). (e) ICso (uM) and CI values for TP53-MUT/PIK3CA-WT TNBC
cell lines treated with alpelisib plus crizotinib. CI values at EDso, ED7s, and EDgy were determined to
assess the nature of the drug interactions. * = p < 0.05; ** =p < 0.01; *** =p < 0.001; **** =p <
0.0001.

As illustrated in Figure 4-5(e), TP53-MUT/PIK3CA-WT TNBC cell lines exhibited slight
(+)/nearly additive (£) synergy at the EDso, escalating to moderate synergy (++) at the ED7s
and EDgg doses. Although synergy was evident across these metrics, statistically significant

differences between the combination therapy and single-agent treatments were confined to the
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higher concentrations tested. Single drug concentrations in the combinations were assessed via
Calcusyn-derived DRI values at EDso to confirm achievability within therapeutic ranges (i.e.

below Crax).

In MDA-MB-468 cells, for the combination only the highest concentrations of alpelisib (5.00
uM) and crizotinib (2.50 uM) yielded a significant reduction in growth (see Figure 4-5(b)),
however this effect was modest relative to crizotinib treatment alone (2.76-fold decrease) and
achieved significance primarily due to low inter-replicate variability. Alpelisib demonstrated a
DRI of 7.09 + 0.66 at EDso (solo concentration: 9.54 uM), yielding a reduced combination
concentration of 1.35 uM for equivalent efficacy — well below its Ciax (~5.62 pM). In contrast,
crizotinib showed a DRI of 1.55 + 0.01 at EDso (solo concentration: 10.12 uM), resulting in a
reduced combination concentration of 6.54 uM, which greatly exceeded its Cpax (~0.82 uM).
Accordingly, while alpelisib exhibited synergistic dose reduction within a clinically achievable
range, crizotinib required concentrations beyond its therapeutically achievable dose,
suggesting that the observed interaction may have limited clinical applicability in MDA-MB-
468 cells.

In contrast, HDQ-P1 cells showed significance at three combination concentrations (see Figure
4-5(d)), with the maximum fold-change (FC) reduction of 3.59 observed at the highest doses
of alpelisib (2.50 uM) and crizotinib (5.00 pM) compared to crizotinib alone. Reductions in
the remaining concentrations were minimal (< 2-fold). Alpelisib demonstrated a DRI of 5.17
+ 1.70 at EDso (solo concentration: 3.19 uM), yielding a reduced combination concentration of
0.62 uM for equivalent efficacy — well below its Cimax (~5.62 pM). Crizotinib showed a DRI of
1.75 + 0.24 at EDso (solo concentration: 1.43 puM), resulting in a reduced combination
concentration of 0.82 pM, which matched its Cpax (0.82 uM). Thus, the combination aligns
with the therapeutic ranges for both drugs, affirming its potential clinical relevance at the EDso
level, though matching the reduced concentration to Cmax for crizotinib leaves a narrow margin

for variability in pharmacokinetics.

In summary, the combination of alpelisib and crizotinib exhibited modest to moderate synergy
in TP53-MUT/PIK3CA-WT TNBC cell lines, although significant antiproliferative effects
were confined to higher concentrations with small fold changes, and clinical relevance was
limited as the therapeutic window for crizotinib was either exceeded or just matched in the

tested models.
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4.4.1.2.Differential response to alpelisib and crizotinib combination in 7P53-
WT/PIK3CA-MUT TNBC cell lines
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Figure 4-6: Antiproliferative effects of crizotinib, alpelisib, and their combination on 7P53-
WT/PIK3CA-MUT TNBC cell lines: (a) MDA-MB-453 and (¢) CAL-51. Drug concentrations (nM)
plotted on a logio scale against percentage cell growth, with the drug ratios for alpelisib plus crizotinib
indicated (alpelisib:crizotinib). Error bars represent the SD from independent biological replicates (n =
3). Statistical significance of differences in cell growth between treatment conditions was assessed using
Student’s t-test, with significant results shown in bar charts for (b) MDA-MB-453 and (d) CAL-51
(drug concentrations shown in uM). (e) ICso (uM) abd CI values for TP53-WT/PIK3CA-MUT TNBC
cell lines treated with alpelisib plus crizotinib. CI values at EDso, ED7s, and EDgy were determined to
assess the nature of the drug interactions. * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** =p <
0.0001.
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As illustrated in Figure 4-6(e), TP53-WT/PIK3CA-MUT TNBC cell lines exhibited

heterogenous responses to the alpelisib plus crizotinib combination.

In MDA-MB-453 cells, slight (-)/moderate (--) antagonism was observed across the EDso and
ED75 doses, escalating to nearly additive (+) effects at the EDgg dose. Despite this antagonism,
significant FCs were evident at two combination concentrations, with the greatest reductions
(> 2-fold versus both single agents) occurring at 1.25 uM alpelisib and 0.31 pM crizotinib (see
Figure 4-6(b)). The observed antagonism likely arises because the CI values are heavily
influenced by the slope of the dose-response curves, and in this case, the combination curve
did not appear to demonstrate a steeper slope than either single-agent curve at any of the doses,
resulting in CI values exceeding 1. As the combination was not synergistic, the DRI values

were not calculated for MDA-MB-453.

In contrast, CAL-51 cells demonstrated moderate (++) synergy at the EDso dose, escalating to
synergy (+++) at the ED7s and EDog doses. Despite this synergy, only two concentrations
showed significant FC differences between the combination and both single agents. Although
the maximum FC versus crizotinib alone reached a 6.5-fold decrease, this appeared deceptively
large, as the underlying differences in percentage cell growth were minimal (8.15% versus
1.25%). Alpelisib demonstrated a DRI of 8.35 + 0.55 at EDso (solo concentration: 8.13 uM),
yielding a reduced combination concentration of 0.10 uM for equivalent efficacy — well below
its Cmax (~5.62 uM). Crizotinib showed a DRI of 1.54 £ 0.09 at EDso (solo concentration: 0.94
uM), resulting in a reduced combination concentration of 0.61 pM, below its Cmax (~0.82 pM).
Thus, both drugs in this combination remain within their respective therapeutic windows at

EDso, supporting the potential clinical feasibility of this pairing in CAL-51 cells.

Overall, TP53-WT/PIK3CA-MUT TNBC cell lines showed heterogeneous responses to the
alpelisib-crizotinib combination, with MDA-MB-453 exhibiting antagonism or near-additive
effects, while CAL-51 displayed moderate to strong synergy within clinically achievable

concentrations, highlighting cell line-specific differences in combination efficacy.

139



4.4.1.3.Synergistic response to alpelisib and crizotinib combination in 7P53/PIK3CA co-
mutant TNBC cell lines
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Figure 4-7: Antiproliferative effects of crizotinib, alpelisib, and their combination on
TP53/PIK3CA co-mutant TNBC cell lines: (a) BT-20 and (¢) MFM-223. Drug concentrations (nM)
plotted on a logio scale against percentage cell growth, with the drug ratios for alpelisib plus crizotinib
indicated (alpelisib:crizotinib). Error bars represent the SD from independent biological replicates (n =
3). Statistical significance of differences in cell growth between treatment conditions was assessed using
Student’s t-test, with significant results shown in bar charts for (b) BT-20 and (d) MFM-223 (drug
concentrations shown in uM). (e) ICso (uM) and CI values for 7P53/PIK3CA co-mutant TNBC cell
lines treated with alpelisib plus crizotinib. CI values at EDso, ED7s, and EDgy were determined to assess
the nature of the drug interactions. * =p < 0.05; ** =p < 0.01; *** =p < 0.001; **** =p < 0.0001.
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As illustrated in Figure 4-7(e), TP53/PIK3CA co-mutant TNBC cell lines exhibited synergistic
responses to the alpelisib plus crizotinib combination, with escalating synergy across effective

doses.

In BT-20 cells, nearly additive (£) effects were observed at the EDso dose, progressing to slight
(+) synergy at the ED7s and moderate (++) synergy at the EDoo. Significant FCs emerged at
three combination concentrations, with the greatest reductions (> 3-fold versus either single
agent) at the highest doses of alpelisib (1.25 pM) and crizotinib (2.50 uM) (see Figure 4-7(b)).
Alpelisib demonstrated a DRI of 2.65 + 0.14 at EDs (solo concentration: 1.06 uM), yielding a
reduced combination concentration of 0.40 pM for equivalent efficacy — well below its Cax
(~5.62 uM). Crizotinib showed a DRI of 2.05 + 0.42 at EDso (solo concentration: 1.56 uM),
resulting in a reduced combination concentration of 0.52 uM, falling below its Cmax (~0.82
uM). However, the DRI values for ED7s and ED9g did not fall below the Cuax for crizotinib,
indicating that only the additive effects observed at EDso occurred fully within the therapeutic
window. Therefore, while higher-effect levels (ED75-EDgg) extend beyond crizotinib’s
therapeutic range, the EDso combination achieves effective inhibition at clinically attainable

concentrations, supporting its potential translational relevance in BT-20 cells.

Similarly, MFM-223 cells demonstrated moderate (++) synergy at the EDso, escalating to
synergy (+++) at the ED7s and EDgo doses. Significant FCs were also noted at three
concentrations, peaking at ~6-fold decreases versus either single agent at the highest doses of
alpelisib (1.25 uM) and crizotinib (5.00 pM) (see Figure 4-7(d)). Alpelisib demonstrated a DRI
of 3.24 £ 0.58 at EDso (solo concentration: 0.88 puM), yielding a reduced combination
concentration of 0.27 uM for equivalent efficacy — well below its Cmax (~5.62 uM). Crizotinib
showed a DRI of 3.47 + 0.50 at EDso (solo concentration: 0.90 uM), resulting in a reduced
combination concentration of 0.26 uM, falling well below its Cmax (~0.82 uM). Thus, the
combination enables effective inhibition by both drugs at concentrations within their respective
therapeutic windows, highlighting the potential clinical relevance of this pairing in MFM-223

cells.

Overall, TP53/PIK3CA co-mutant TNBC cell lines exhibited dose-dependent synergy to the
alpelisib-crizotinib combination, with both BT-20 and MFM-223 achieving effective inhibition
within therapeutically achievable concentrations, underscoring the potential clinical relevance

in TP53/PIK3CA co-mutant TNBC.
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4.4.2. Other RTK inhibitors in combination with alpelisib

Given the synergistic effect observed with the alpelisib plus crizotinib combination in the
TP53/PIK3CA co-mutant MFM-223 cell line (see Figure 4-7(c,d)), we extended our
investigation to assess the effects of combining alpelisib with two additional RTK inhibitors:
capmatinib and ceritinib. Ceritinib reduced proliferation in MFM-223 cells, whereas
capmatinib alone did not (Figure 4-4). Despite this, we proceeded to test both in combination
with alpelisib, hypothesising that the dual mechanism of action might enhance antiproliferation

or help overcome potential resistance mechanisms.

The combination of ceritinib and alpelisib has demonstrated potent synergistic activity in a
preclinical in vivo model of ALK-rearranged NSCLC (649). In contrast, there is no reported

evidence of alpelisib being evaluated in combination with capmatinib.

The outcomes of the alpelisib plus capmatinib and alpelisib plus ceritinib combinations are

presented in Figure 4-8.
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Figure 4-8: Antiproliferative effects of capmatinib, ceritinb, and their combination with alpelisib
on TP53/PIK3CA co-mutant TNBC cell line MFM-223. Cell growth percentage is plotted against
alpelisib concentration (nM) on a logo scale, with the drug ratios for alpelisib and (a) capmatinib or (b)

ceritinib indicated (alpelisib:capmatinib/ceritinib). Error bars represent the SD from independent
biological replicates (n = 3). (¢) ICso and CI values (uM) for the MFM-223 cell line treated with alpelisib
plus capmatinib or alpelisib plus ceritinib. CI values at EDso, ED7s, and EDgg were determined to assess
the nature of the drug interactions. * No SD value observed due to all cell growth % values falling
outside the < 100% /> 0% range.

In both the alpelisib plus capmatinib and alpelisib plus ceritinib combination assays, cell
growth percentages exceeded 100% (indicating stimulation) and reached 0% (indicating
complete inhibition). Consequently, for CI calculations using CalcuSyn, negative fraction FA
values (>100% growth) were substituted with 0.01, and FA values of 1.00 (0% growth) with
0.99, as the software cannot accommodate these extremes. Although this substitution may have

influenced the resulting CI values, it was necessary to assess the nature of the drug interactions.

Treatment of MFM-223 cells with a combination of alpelisib plus capmatinib (see Figure 4-
4(a)) appeared to diminish the antiproliferative effect of alpelisib rather than enhance it, as no
reduction in cell growth was observed across any of the tested concentrations. This was
reflected in the CI values (see Figure 4-8(c)) where the combination demonstrated antagonism

(~3) across the EDso, ED7s, and EDgg doses.

As illustrated in Figure 4-8(b), at lower concentrations (78-156 nM alpelisib concentration on

the graph), ceritinib diminished the antiproliferative effect of alpelisib similarly to the alpelisib
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plus capmatinib combination, with combination-induced cell growth rates falling between
those of the individual single agents. Also, similarly to the alpelisib plus capmatinib pairing,
both ceritinib monotherapy and the alpelisib plus ceritinib combination promoted cell growth,
yielding percentages exceeding 100%. At higher concentrations where the combination elicited
inhibition (~313 nM alpelisib concentration on the graph), the reduction in cell growth relative
to ceritinib monotherapy was significant FC = 0.74, p = 0.004), however, it was not significant
compared to alpelisib monotherapy, indicating no enhancement of antiproliferative activity
over either single agent. These findings were reflected in the CI values (see Figure 4-8(c))
where the combination demonstrated slight antagonism (~1.1-1.2) across the EDso, ED7s, and

EDgo doses.

For the ceritinib single agent treatments, all replicate cell growth percentages either exceeded
100% or reached 0%, resulting in identical FA values across replicates for input into CalcuSyn.
Consequently, this lack of variation between replicates produced a single ICso value with no

SD.
4.4.3. Summary

This section examined alpelisib combinations with crizotinib, ceritinib, or capmatinib to
overcome TNBC resistance, hypothesising mitigation of compensatory PI3K/AKT activation,

especially in alpelisib-resistant 7P53/PIK3CA co-mutant TNBC cell lines.

e TP53-MUT/PIK3CA-WT TNBC: Alpelisib plus crizotinib showed modest-to-
moderate synergy at high concentrations. Alpelisib doses could be reduced below Cax,

but crizotinib either exceeded or just matched its Cmax, limiting clinical applicability.

e TP53-WT/PIK3CA-MUT TNBC: Responses were heterogeneous. MDA-MB-453
showed antagonism or near-additive effects, while CAL-51 displayed moderate-to-
strong synergy. In CAL-51, both drugs remained within therapeutic windows,

supporting potential clinical feasibility.

o TP53-MUT/PIK3CA-MUT TNBC: BT-20 and MFM-223 exhibited robust, dose-
dependent synergy. DRI calculations showed that the combination allowed both
alpelisib and crizotinib to achieve effective inhibition at reduced concentrations well
below their respective Cmax values, highlighting strong translational potential for this

genotype.
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e Alpelisib plus capmatinib or ceritinib (MFM-223): Both combinations were largely
antagonistic or ineffective. Capmatinib attenuated alpelisib activity, and ceritinib
showed slight antagonism without enhancing antiproliferative effects. Effective
concentrations could not be achieved within therapeutic windows, indicating low

clinical relevance.

Overall: Alpelisib plus crizotinib demonstrates the most promising, genotype-specific
efficacy, particularly in 7P53/PIK3CA co-mutant TNBC, with effective concentrations
achievable within the therapeutic window. Other RTK combinations are largely ineffective in

TNBC models.

4.5. Combined treatment with alpelisib plus crizotinib induces

apoptosis in 7P53/PIK3CA co-mutant TNBC cell line

Due to the strong synergistic effect observed in MFM-223 cells following treatment with the
combination of alpelisib plus crizotinib, this cell line was selected for further investigation. For
the apoptosis experiments, cells were treated with 0.625 pM alpelisib and 2.5 uM crizotinib.
While the crizotinib concentration exceeds the clinically achievable therapeutic window, the
DRI analysis from Section 4.4.1.3. suggests that synergistic effects could be observed at lower,
clinically relevant doses. The efficacy of the combination treatment was evaluated by
monitoring apoptosis induction over five days (120 h), as described in Section 2.8. (Chapter

2).

Figure 4-9(a) presents the changes in cell confluence throughout this period and is consistent
with the proliferation assay findings (see Figure 4-7(c)), demonstrating that the combination
had a more pronounced inhibitory effect on cell growth compared to either drug alone, as well

as the DMSO and untreated controls.

Figure 4-9(b) shows that apoptosis was significantly induced in cells treated with the drug
combination. In contrast, apoptosis in the untreated, DMSO, and alpelisib-only groups was
only observed at later timepoints. This delayed response may reflect apoptosis arising
following prolonged PI3K inhibitor-induced cell-cycle arrest, rather than immediate drug-
induced cell death. Notably, crizotinib-treated cells exhibited reduced confluence but did not

undergo apoptosis, indicating a cytostatic rather than cytotoxic effect (650).

To account for variability between replicates, apoptosis levels were normalised to the untreated

control, as shown in Figure 4-9(c). This analysis confirms that only the combination treatment
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induced a clear apoptotic response relative to the baseline. A statistically significant increase
in apoptosis in the combination-treated group compared to the DMSO control was observed at

both the 24 h and 44 h timepoints.
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Figure 4-9: Induction of apoptosis (Caspase 3-7 activity) in MFM-223 cells following treatment
with alpelisib, crizotinib, or a combination of both. MFM-223 cells were treated with 0.625 uM
alpelisib, 2.5 uM crizotinib, or a combination of both. (a) Cell confluence (4-120 h) was determined
from phase contrast images and normalised to the 0 h timepoint confluence. (b) Apoptosis was assessed
by measuring Caspase 3/7 activity and normalised to the confluence. (¢) Relative Caspase 3/7 activity
was normalised to the untreated control for the 4-64 h timeframe. (d) Apoptosis induction at 4 h, 24 h,
and 44 h timepoints are represented in a bar chart. Data are presented as mean + SD from independent
experiments (n = 2). Statistical significance between the treated cells versus the DMSO control at a
specific timepoint was determined using Student’s t-test; *p < 0.05, **p < 0.01.
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4.6. Alpelisib plus crizotinib treatment induces significant protein

dysregulation in 7P53/PIK3CA co-mutant TNBC cells

To investigate the distinct effects and underlying mechanisms contributing to the enhanced
antiproliferative and apoptotic activity of the alpelisib plus crizotinib combination compared
to either agent alone, MFM-223 cells were treated with alpelisib and/or crizotinib for 24 h. This
timepoint was selected to capture early signalling alterations preceding the onset of extensive
apoptotic responses observed at later timepoints. Following treatment, protein lysates were
prepared and submitted to the MD Anderson Cancer Center for RPPA analysis, as outlined in
Section 2.11..

Drug concentrations were selected based on the lowest doses of each compound that
demonstrated synergistic effects in MFM-223 cells — specifically, 0.3125 uM and 1.25 uM
crizotinib — as demonstrated in Figure 4-7(d). Although 1.25 uM crizotinib exceeds its Cmax
(0.82 uM), the DRI values reported in Section 4.4.1.3. suggest that similar synergistic effects
could be observed at lower, clinically relevant concentrations. The DMSO control was matched
to the final DSMO concentration used in the combination treatment to ensure consistency

across experimental conditions.

Three biological replicates per condition were initially generated and submitted for RPPA
analysis. Following data acquisition, quality control assessment identified variability and
occasional outliers within replicate measurements. To ensure robustness, outlier values were
excluded, and a minimum of two consistent biological replicates (n > 2) were retained for

downstream analysis.

Significant (p < 0.05) changes on the expression/phosphorylation profile of 108 proteins were
identified in MFM-223 cells after treatment with either alpelisib or crizotinib as single agents
or the combination of both. MFM-223 cells treated with alpelisib showed significantly altered
levels of 55 proteins, whilst crizotinib altered levels of 31 proteins, and the combination of
alpelisib plus crizotinib altered levels of 42 proteins. 52 of these proteins passed the 1.2-FC
threshold set for significance (see Table 4-3).

An FC threshold of 1.2 (and 0.83 for downregulation, corresponding to the reciprocal of 1.2)
was applied to identify potentially biologically meaningful changes in phosphorylation status.
This threshold corresponds to a ~20% increase or decrease in protein level, respectively, and

was used to capture relatively modest but functionally relevant shifts, recognising that even
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small changes in phosphorylation can propagate through signalling networks to produce
amplified downstream effects. This cutoff is widely employed in RPPA analyses to enhance
sensitivity while maintaining statistical robustness (651,652).

Table 4-3: Number of proteins/phospho-proteins exhibiting statistically significant changes in
expression in MFM-223 cells following 24 h treatment with alpelisib, crizotinib, or their
combination, relative to DMSO control (p < 0.05; n > 2).

Treatment Significantly T Significantly ¥

Alpelisib 3 11

Crizotinib 10 7
Alpelisib + Crizotinib 12 9

Alpelisib treatment alone led to a significant upregulation of EMA, JNK2, and Tau protein
expression. Concurrently, it downregulated the expression of A-Raf, C-Raf, POLG, ERRa,
EZH2, GSK-3a-B, and RRM1. Additionally, a decrease in the phosphorylation levels of AKT
(Thr308), HSP27 (Ser82), MAPK (Thr202 / Tyr204), and ULK1 (Ser757), was observed.
These findings are summarised in Table 4-4 and illustrated in Figure 4-10(a).

Table 4-4: Proteins/phospho-proteins with significantly altered expression in MFM-223 cells
following 24 h treatment with alpelisib (p < 0.05; FC > 1.2 or FC < 0.83; n > 2).

(Phospho-)protein Abbreviation FC P-value
Epithelial membrane antigen EMA 2.73 0.003
c-Jun N-terminal kinase 2 INK2 1.37 0.014
Microtubule-associated protein Tau 1.29 0.041
Phospho-protein kinase B (Threonine 308) p-AKT (T308) 0.78 0.033
Rapidly accelerated fibrosarcoma, isoform A A-Raf 0.79 0.027
Rapidly accelerated fibrosarcoma, isoform C C-Raf 0.80 0.030
DNA polymerase subunit gamma POLG 0.78 0.024
Estrogen-related receptor alpha ERRa 0.57 0.012
Enhancer of Zeste Homolog 2 EZH2 0.69 0.022
Glycogen synthase kinase 3 alpha/beta GSK-3a.-B 0.81 0.019
Phospho-heat shock protein (Serine 82) p-HSP27 (S82) 0.82 0.019
Phospho-mitogen-activated protein kinase p-MAPK (T202/Y204) 0.81 0.005
(Threonine 202/Tyrosine 204)
Ribonucleotide reductase M1 RRM1 0.65 0.003
Phospho-unc-51 like autophagy activating kinase p-ULK1 (S757) 0.82 0.039
1 (Serine 757)
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A STRING analysis was performed to investigate potential interactions between proteins
significantly dysregulated following alpelisib treatment and components of the PI3K/AKT
signalling pathway, as illustrated in Figure 4-10(b-c). 11 of the significantly dysregulated
proteins exhibited high-confidence interactions either with the PI3K/AKT pathway members
or among themselves. Notably, AKT phosphorylation at threonine 308 (Thr308) was
significantly reduced. Under normal conditions, active (phosphorylated) AKT phosphorylates
GSK-3a-f, leading to its enzymatic inactivation (653). However, RPPA analysis revealed a
significant decrease in GSK-3a-f protein levels. As RPPA measures total protein abundance

rather than enzymatic activity, this reduction is more consistent with broader pathway-level

downregulation
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Figure 4-10. (a) Volcano plot illustrating DEA of total and phosphorylated proteins in MFM-223
cells treated with 0.3125 pM alpelisib versus DMSO control. Proteins shown in the volcano plot are
based on L2FC, with significance defined using a FC threshold of > 1.2 or < 0.83. Significant proteins
are highlighted (red = downregulated, green = upregulated) (n > 2). (b) Schematic representation of the
PI3K/AKT signalling pathway, the primary target of alpelisib. (¢) STRING network illustrating high-
confidence (>0.90) protein-protein interactions between members of the PI3K/AKT pathway (blue) and
proteins significantly upregulated (green) or downregulated (red) following alpelisib treatment.

149



Treatment with crizotinib alone resulted in a significant upregulation of several proteins,
including 53BP1, BCL2A1, CD171, Chk2, EMA, GRB7, HER3, PD-L1, and Sox2. In contrast,
a marked downregulation was observed in the expression of A-Raf, Annexin-I, POLG, GSK-
3a-B, RRM1, StatSa, and Transglutaminase. These findings are summarised in Table 4-5 and
illustrated in Figure 4-11(a).

Table 4-5: Proteins/phospho-proteins with significantly altered expression in MFM-223 cells
following 24 h treatment with alpelisib (p < 0.05; FC > 1.2 or FC < 0.83; n > 2).

(Phospho-)protein Abbreviation FC | P-value
Tumour protein p53-binding protein 1 53BP1 1.38 0.001
B-cell lymphoma 2-related protein Al BCL2A1 1.31 0.036
Cluster of differentiation 171 CD171 1.24 0.031
Checkpoint kinase 2 Chk2 1.23 0.043
C-terminal Src kinase CSK 1.33 0.025
Epithelial membrane antigen EMA 3.10 0.002
Growth factor receptor-bound protein 7 GRB7 1.24 | 0.010
Human epidermal growth factor receptor 3 HER3 1.98 0.003
Cyclin-dependent kinase inhibitor 1B p27-Kipl 1.32 0.027
Programmed death ligand-1 PD-L1 1.71 0.020
SRY-box transcription factor 2 Sox2 1.34 0.016
V-raf murine sarcoma 3611 viral oncogene A-Raf 0.75 0.042

homolog A protein

Annexin-1 - 0.82 0.018
DNA polymerase subunit gamma POLG 0.75 0.001
Glycogen synthase kinase 3 alpha/beta GSK-3a-B 0.78 0.009
Ribonucleotide reductase regulatory subunit M1 RRM1 0.68 0.001
Signal transducer and activator of transcription Sa StatSa 0.44 0.010
Transglutaminase - 0.40 0.043

A STRING analysis was conducted to assess potential interactions between proteins
significantly dysregulated following crizotinib treatment and its primary kinase targets —- MET,
ALK, ROS1, and recepteur d'origine nantais (RON) — as shown in Figure 4-11(b-c). 5 of the
dysregulated proteins demonstrated high-confidence interactions either with these primary

targets or with each other.

Although no significant change was detected in p-MET (Y 1234/Y1235), the sole crizotinib
RTK target represented on the RPPA panel, a notable increase in HER3 expression was

observed.

HER3, a known heterodimerisation partner of MET, is frequently upregulated as a

compensatory response to MET inhibition. This mechanism, which has been previously
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documented in preclinical studies (654-656), facilitates the maintenance of downstream

signalling — particularly through the PI3K/AKT pathway — via alternative RTKs (657,658).
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Figure 4-11. (a) Volcano plot illustrating DEA of total and phosphorylated proteins in MFM-223
cells treated with 1.25 pM crizotinib versus DMSO control. Proteins shown in the volcano plot are
based on L2FC, with significance defined using a FC threshold of > 1.2 or < 0.83. Significant proteins
are highlighted (red = downregulated, green = upregulated) (n > 2). (b) Schematic representation of the
primary RTK targets of crizotinib. (¢) STRING network illustrating high-confidence (>0.90) protein-
protein interactions between crizotinib’s primary RTK targets (pink) and proteins significantly
upregulated (green) or downregulated (red) following crizotinib treatment.

Treatment with the combination of alpelisib plus crizotinib led to significant upregulation of
several proteins, including 53BP1, Bcl2, BCL2A1, Cyclophilin-F, HER3, p27-Kipl, PAR,
Pdcd4, PLK1, and PTEN. Concurrently, expression levels of 4E-BP1, A-Raf, Cyclin-El,
POLG, GSK-3a-f, PRMTI, and StatSa were significantly downregulated. Additionally, the
combination treatment increased phosphorylation of ATM at Ser1981 and EGFR at Tyr1173,
while reducing phosphorylation of AKT at Thr308 and B-Raf at Ser445. These findings are

summarised in Table 4-6 and depicted in Figure 4-12(a).
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Table 4-6: Proteins/phospho-proteins with significantly altered expression in MFM-223 cells
following 24 h treatment with alpelisib plus crizotinib (p < 0.05; FC > 1.2 or FC <0.83; n > 2).

(Phospho-)protein Abbreviation FC | P-value
Tumour protein p53 binding protein 1 53BP1 1.40 0.002
Phospho-ataxia telangiectasia mutated protein at serine 1981 | p-ATM (S1981) | 1.27 0.011
B-cell lymphoma 2 Bcl2 1.52 0.019
B-cell lymphoma 2-related protein Al BCL2A1 1.29 0.047
Cyclophilin-F - 1.22 0.026
Phospho-epidermal growth factor receptor at tyrosine 1173 | p-EGFR (Y1173) | 1.60 0.028
Human epidermal growth factor receptor 3 HER3 1.85 0.003
Cyclin-dependent kinase inhibitor 1B p27-Kipl 1.26 0.022
Poly(Adenosine Diphosphate-ribose) PAR 1.37 0.036
Programmed cell death protein 4 Pdcd4 1.73 0.001
Polo-like kinase 1 PLK1 1.21 0.013
Phosphatase and tensin homolog PTEN 1.60 0.027
Eukaryotic translation initiation factor 4E-binding protein 1 4E-BP1 0.40 0.001
V-raf murine sarcoma 3611 viral oncogene homolog A A-Raf 0.76 0.033

protein
Phospho-protein kinase B (Threonine 308) p-AKT (T308) 0.72 0.018
Phospho-V-raf murine sarcoma 3611 viral oncogene p-B-Raf (S445) | 0.70 0.005
homolog A protein at serine 445

Cyclin-E1 - 0.68 0.009
DNA polymerase subunit gamma POLG 0.72 0.032
Glycogen synthase kinase 3 alpha/beta GSK-3a-B 0.76 0.004
Protein arginine methyltransferase 1 PRMTI1 0.68 0.007
Signal transducer and activator of transcription Sa StatSa 0.59 0.018

A STRING analysis was performed to evaluate potential interactions between proteins
significantly dysregulated following combined alpelisib plus crizotinib treatment, components
of both the PI3K/AKT signalling pathway, and the primary RTK targets of crizotinib. As
shown in Figure 4-12(b-c), 18 of the dysregulated proteins exhibited high-confidence
interactions with PI3K/AKT pathway members, crizotinib’s primary targets, or with one
another. Notably, 12 of these proteins were uniquely dysregulated in response to the
combination treatment, as opposed to either monotherapy. Additionally, two of crizotinib’s
usual targets — MET and ALK — demonstrated high-confidence interactions with PI3K, further

supporting potential crosstalk between these pathways.
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Figure 4-12. (a) Volcano plot illustrating DEA of total and phosphorylated proteins in MFM-223
cells treated with a combination of 0.3125 pM alpelisib and 1.25 pM crizotinib versus DMSO
control. Proteins shown in the volcano plot are based on L2FC, with significance defined using a FC

threshold of > 1.2 or < 0.83. Significant proteins are highlighted (red = downregulated, green =
upregulated) (n > 2). (b) Schematic representation of the PI3K/AKT signalling pathway, the primary
target of alpelisib, and the RTK targets of crizotinib. (¢) STRING network illustrating high-confidence
(>0.90) protein-protein interactions between members of the PI3K/AKT pathway (blue), the primary

RTK targets of crizotinib (pink), and proteins significantly upregulated (green) or downregulated (red)

following alpelisib plus crizotinib treatment.
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To assess whether the combination of alpelisib plus crizotinib elicited distinct changes in
protein expression compared to either monotherapy, dysregulated proteins from each treatment
condition were cross-analysed using a Venn diagram (Figure 4-13(a)). Expression values of
dysregulated proteins which demonstrated high-confidence interactions with members of the
PI3K/AKT pathway, primary RTK targets of crizotinib, or with each other were extracted and
visualised using box-and-whisker plots (Figure 4-13(b)). These plots illustrate the protein
response across four conditions: DMSO control, alpelisib alone, crizotinib alone, and the
combination treatment. Statistical significance between treatment groups was determined using
Student’s t-test. Figure 4-13(c) presents a table summarising the FCs and p-values for each

dysregulated protein across the different treatment groups.

Expression of 4E-BP1, Bcl2, and Cyclophpilin-F was uniquely dysregulated in response to the
combination treatment, showing significant differences not only compared to the DMSO
control but also relative to both single-agent treatments. A similar pattern was observed for
phosphorylated (p-) B-Raf (Ser445), which was significantly downregulated in the
combination group compared to DMSO and crizotinib alone. However, the difference
compared to alpelisib did not reach statistical significance (p = 0.0609), despite surpassing the
FC threshold.

PAR also demonstrated a unique increase following combination treatment but narrowly
missed statistical significance when compared to alpelisib (p = 0.0800) and crizotinib (p =
0.0839). A comparable trend was observed for p-EGFR (Tyr1173), which was significantly
upregulated in the combination group versus DMSO and crizotinib, but did not meet the
significance threshold when compared to alpelisib alone (p = 0.065). Interestingly, crizotinib
treatment alone versus DMSO approached significance (p = 0.0504), suggesting that EGFR
phosphorylation at Tyr1173 is enhanced by crizotinib and further elevated by the combination
therapy.

Although statistical significance was not achieved, PRMT1 and PLK1 exhibited similar trends
of increased dysregulation in the combination group relative to crizotinib. Cyclin-E1 also
appeared to be uniquely downregulated by the combination treatment, although the comparison
did not reach statistical significance versus either single agent. In contrast, the observed
upregulation of PTEN expression and ATM phosphorylation at Ser1981 appears to be

primarily driven by crizotinib treatment.
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The combination of alpelisib and crizotinib induced unique proteomic changes that may
enhance apoptotic and antiproliferative effects, potentially explaining the synergistic efficacy
observed compared to single-agent treatments in this cancer model. Upregulation of ATM
phosphorylation, a DNA damage sensor, appeared to be driven primarily by crizotinib, but the
combination of alpelisib plus crizotinib increased it to statistical significance, potentially
sustaining this pro-apoptotic response. Interestingly, Bcl2, an anti-apoptotic protein, showed
unique dysregulation following alpelisib plus crizotinib treatment, which may represent a

resistance mechanism in response to apoptosis induction.

Phosphorylated BRAF, a MAPK pathway driver (659), was significantly downregulated in
cells treated with the combination versus DMSO and crizotinib alone, and showed near-
significant downregulation compared to alpelisib alone, potentially attenuating survival
signalling. Cyclin-E1, a key cell cycle regulator (660), was uniquely downregulated by the
combination, supporting cell cycle arrest and sensitisation to apoptosis. Additionally, PAR, a
marker of DNA damage-induced apoptosis (661), was increased, consistent with enhanced
apoptosis. PTEN, a negative regulator of PI3K/AKT signalling (662), was upregulated,
contributing to inhibition of survival pathways. Similarly, the tumour suppressor Pdcd4 —

known to inhibit tumour progression and promote apoptosis — was also upregulated (663).

Together, these proteomic changes suggest that alpelisib plus crizotinib simultaneously
promotes apoptosis and inhibits cell cycle progression, despite the compensatory upregulation
of Bcl2, providing a mechanistic explanation for the observed synergistic efficacy in

TP53/PIK3CA co-mutant TNBC cells.
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Figure 4-13: Proteins uniquely dysregulated by combined alpelisib plus crizotinib treatment. (a) Venn diagram showing the overlap of significantly
dysregulated proteins (p < 0.05; FC > 1.2 for upregulation or < 0.83 for downregulation) identified by RPPA analysis of MFM-223 cells treated with alpelisib,
crizotinib, or their combination, each compared to DMSO control. (b) Box-and-whisker plots showing normalised RPPA protein expression levels (linear, back-

transformed from log, data) for proteins significantly dysregulated by combination treatment. (¢) Table of proteins identified in (a) with FC and p-values for

comparisons between each of the treatment conditions. Downregulated proteins are shown in red with significance indicated by a more intense red colour.
Upregulated proteins are shown in green with significance indicated by a more intense green colour.
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Due to the presence of outliers in the triplicate RPPA dataset, which reduced some
measurements to duplicate replicates, selected targets identified in the RPPA analysis were
validated using Western blotting followed by densitometric quantification. For the Western
blot experiments, MFM-223 cells were treated with increased concentrations of alpelisib
(1.25 uM) and crizotinib (5 uM) compared to the RPPA analysis to enhance the magnitude of

detectable signalling changes.

The phosphorylation sites of AKT were investigated due to them being the primary
downstream effectors of alpelisib. Both the Serine 473 (Ser473) and Thr308 sites, as well as
total AKT levels were analysed. RPPA analysis of p-AKT at Ser473 (see Figure 4-14(a(i)))
demonstrated significant downregulation following treatment with alpelisib or the combination
versus crizotinib alone, with no significant difference between the combination and alpelisib
alone. While none of the treatments resulted in a significant difference in expression versus the
DMSO control, notable variability in DMSO-treated replicates may limit interpretation of
differences relative to control. This was confirmed in the Western blot analysis, where p-AKT
(Ser473) was significantly reduced following 24 treatment with alpelisib or the combination of
alpelisib plus crizotinib versus both the DMSO control and crizotinib alone. Crizotinib did not
have a significant effect on p-AKT (Ser 473) and the combination did not enhance inhibition

versus the alpelisib alone (see Figure 4-14(b),(c(1))).

While RPPA analysis demonstrated a significant reduction of p-AKT (Thr308) following
treatment with either alpelisib alone or the combination of alpelisib plus crizotinib (Figure 4-
14(a(ii))), Western blot analysis of p-AKT (Thr308) revealed consistently faint bands across
biological replicates (n = 3), indicating low detectable p-AKT (Thr308) signal under these
experimental conditions (Figure 4-14(b)). This represents a limitation of the assay, as the low
signal intensity may reduce sensitivity for detecting treatment-associated changes. Despite this,
densitometric quantification of the Western blot bands indicated a reduction in p-AKT

(Thr308) levels following alpelisib and crizotinib treatment (Figure 4-14(c(i1))).

Total protein levels of AKT demonstrated significant reduction across all treatment groups
versus the DMSO control in the RPPA analysis, although the FC did not meet the threshold of
0.83 with very subtle changes in expression observed. The significant differences in expression
are due to tight deviation between replicate results (see Figure 4-14(a(iii))). Western blot
analysis revealed no significant reduction in total AKT expression following treatment with

alpelisib, crizotinib, or the combination of both. Although, treatment with both of the single
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agents alone resulted in a slight increase in AKT levels, with alpelisib treatment achieving

significance and crizotinib reaching near significance (p = 0.069) (see Figure 4-14(b),(c(iii))).
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Figure 4-14: Inhibition of AKT signalling following combination treatment with alpelisib plus
crizotinib. (a) RPPA analysis of MFM-223 cells treated for 24 h with DMSO control, alpelisib (0.3165
uM), crizotinib (1.25 uM), or their combination (A+C). Quantification of (i) p-AKT at Ser 473, (ii) p-
AKT at Thr 308, and (iii) total AKT levels are shown as normalised log2 protein expression values. (b)
Western blot validation following 24 h treatment with DMSO, alpelisib (1.25 uM), crizotinib (5 uM),
or the combination (A+C). Blots show expression of p-AKT (Ser 473), p-AKT (Thr 308), and total
AKT, with GAPDH or B-actin used as loading controls. Molecular weight is shown in kilodaltons
(kDa). (c) Densitometric quantification of Western blot bands for (i) p-AKT (Ser 473), (ii) p-AKT (Thr
308), and (iii) total AKT. Band intensities were first normalised to their respective loading controls
(GAPDH or B-actin) and subsequently normalised to the corresponding value from one representative
replicate to allow comparison across replicates. Data are presented as relative band intensity (A.U.) and
shown as mean + SD from independent experiments (n = 3). Statistical significance was determined
using Student’s t-test; *p < 0.05, **p < 0.01.
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The most pronounced and treatment-specific protein inhibition observed in the RPPA analysis
in response to the combination of alpelisib plus crizotinib was seen in 4E-BP1 (FC =0.40; p =
0.001) (Figure 4-15(a(iii))). This effect was unique to the combination and was not observed
with either agent alone, suggesting a potential mechanistic link to the enhanced apoptotic

response previously observed in MFM-223 cells.

Neither of the 4E-BP1 phosphorylation sites (Thr37/46 or Ser65) demonstrated significant
changes upon treatment with alpelisib, crizotinib, or the combination of both, however, the
deviation between replicates was high for p-4E-BP1 at Thr37/46, and all treatment groups
achieved near significance (i.e. p < 0.100) for p-4E-BP1 at Ser64 (see Figure 4-15(a(ii),(iii))).

Western blot analysis was carried out to investigate the effect of the single and combination
treatments on p-4E-BP1 at Thr37/46 due to the inconclusive results observed in the RPPA
analysis. In addition to this, phosphorylation of 4E-BP1 occurs in a hierarchical manner,
whereby Thr37/46 is phosphorylated first, acting as a priming event for further
phosphorylation. In the event of subsequent phosphorylation events (e.g. phosphorylation at
Ser65), the anti-Thr37/46 antibody will recognise these modified isoforms resulting in the
detection of multiple bands. In short, the anti-Thr37/46 antibody detects all 4E-BP1
phosphorylation states when Thr37/46 are phosphorylated (664—666).

p-4E-BP1 at Th37/46 was significantly reduced following treatment with alpelisib (FC = 0.74;
p = 0.03), and further reduced when treated with the alpelisib plus crizotinib combination (FC
=0.43; p=0.01), when compared to the DMSO control, while treatment with crizotinib alone

did not elicit a significant differential response (see Figure 4-15(b,c(1)).

Total 4E-BP1 expression was significantly reduced following treatment with alpelisib (FC =
0.86; p = 0.04) when compared to the DMSO control, while treatment with both the crizotinib
single agent and combination did not elicit a significant differential response (see Figure 4-
15(b,c(i1)). Notably, total protein expression of 4E-BP1 was significantly reduced in the DMSO
treated group versus the non-treated control (FC = 0.65; p = 0.004), an effect which has
previously been identified in the HL-60 leukaemia cell line (667).
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Figure 4-15: Inhibition of 4E-BP1 signalling following combination treatment with alpelisib plus
crizotinib. (a) RPPA analysis of MFM-223 cells treated for 24 h with DMSO control, alpelisib (0.3165
uM), crizotinib (1.25 uM), or their combination (A+C). Quantification of (i) p-4E-BP1 at Thr 37/46,
(ii) p-4E-BP1 at Ser 65, and (iii) total 4E-BP1 levels are shown as normalised log2 protein expression
values. (b) Western blot validation following 24 h treatment with DMSO, alpelisib (1.25 uM), crizotinib
(5 uM), or the combination (A+C). Blots show expression of p-4E-BP1 (Thr 37/46) and total 4E-BP1,
with B-actin used as loading controls. Molecular weight is shown in kDa. (¢) Densitometric
quantification of Western blot bands for (i) p-4E-BP1 (Thr 37/46) and (ii) total 4E-BP1. Band intensities
were first normalised to their respective loading controls (B-actin) and subsequently normalised to the
corresponding value from one representative replicate to allow comparison across replicates. Data are
presented as relative band intensity (A.U.) and shown as mean + SD from independent experiments (n
= 3). Statistical significance was determined using Student’s t-test; *p < 0.05.
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Given the p-4E-BP1 Thr37/46 antibody's recognition of multiple phosphorylation sites, we
subsequently subdivided the analysis. Western blot analysis revealed three distinct bands (as
shown in Figure 4-16(a)). Densitometric quantification was then performed on each band (top,

middle, and bottom) to determine which phosphorylation sites were impacted by the treatment.

Figure 4-16(b(i—iii)) presents the results of the densitometric analysis for each band. The top
band exhibited a significant reduction following alpelisib treatment (FC = 0.76; p = 0.04) and
a further decrease with the combination treatment (FC = 0.56; p = 0.004), relative to the DMSO
control. Notably, the DMSO control itself showed significant upregulation compared to the
untreated control (FC =1.37; p=0.01).

Similarly, the middle band displayed a significant reduction in expression following alpelisib
treatment (FC = 0.58; p = 0.002) and a more pronounced decrease with the combination
treatment (FC = 0.25; p = 0.0005), relative to the DMSO control. As before, the DMSO control
differed significantly from the untreated control, although in this case the expression was

reduced by a negligible amount (FC = 0.94; p = 0.03).

For the bottom band, the only significant change relative to the DMSO control was an
upregulation following crizotinib treatment (FC = 1.22; p = 0.02). The combination treatment
approached but did not achieve statistical significance (FC = 0.83; p = 0.07). In this case, the
DMSO control did not differ significantly from the untreated control.
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Figure 4-16: Inhibition of p-4E-BP1 following combination treatment with alpelisib plus
crizotinib. (a) Resolution of p-4E-BP1 Western blot into three distinct bands separated by red dotted
lines. (b) Densitometric quantification of Western blot bands for p-4E-BP1 (i) top band, (ii) middle
band, and (iii) bottom band. Band intensities were first normalised to their respective loading controls
(B-actin) and subsequently normalised to the corresponding value from one representative replicate to
allow comparison across replicates. Data are presented as relative band intensity (A.U.) and shown as
mean = SD from independent experiments (n = 3). Statistical significance was determined using
Student’s t-test; *p < 0.05, **p < 0.01, ***p <0.001.

4E-BP1 is a downstream effector of PI3K/AKT signalling (668) and its phosphorylation was
differentially affected by the treatments. Alpelisib alone reduced p-4E-BP1 Thr37/46 and total
4E-BP1 levels, while crizotinib alone had minimal effect. The combination of alpelisib plus
crizotinib resulted in a more pronounced reduction in p-4E-BP1 Thr37/46 compared to either
single agent, indicating enhanced suppression of downstream translational signalling. These
results suggest that inhibition of 4E-BP1 phosphorylation was most pronounced in the
combination treatment, distinguishing it from the effects of the single agents, and may
contribute to the enhanced apoptotic response observed previously in combination-treated

cells.
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4.7. Summary

This chapter investigated the therapeutic potential of targeting PI3K/AKT signalling in TNBC
models stratified by 7P53 and PIK3CA mutational status, with particular emphasis on
TP53/PIK3CA co-mutant systems as an experimentally tractable model of the clinically
aggressive TP53-PI3K*" subgroup identified in Chapter 3.

Single-agent studies showed that 7P53-WT TNBC cells harbouring a PIK3CA mutation were
most sensitive to alpelisib, whereas co-occurring 7P53 mutation reduced sensitivity,

suggesting that 7P53 dysfunction attenuates response to PI3Ka inhibition.

Combination studies demonstrated that alpelisib plus crizotinib produced the strongest and
most clinically relevant synergy in 7P53/PIK3CA co-mutant TNBC cell lines, with both BT-
20 and MFM-223 showing dose-dependent synergistic inhibition at therapeutically achievable
concentrations. In contrast, responses in other genotypic groups were more variable, and
combinations of alpelisib with capmatinib or ceritinib were antagonistic or ineffective,
suggesting that the benefit of crizotinib is not attributable to inhibition of a single RTK target

alone.

Mechanistically, alpelisib plus crizotinib induced apoptosis in MFM-223 cells and elicited
distinct proteomic changes not observed with either monotherapy, including enhanced
inhibition of 4E-BP1 phosphorylation, and dysregulation of proteins involved in DNA damage
signalling, apoptosis, and cell cycle control. These findings suggest that the combination
enhances cytotoxicity through coordinated disruption of survival and translational signalling

pathways.

Overall, these data identify TP53/PIK3CA co-mutant TNBC as a molecularly distinct and
therapeutically targetable subset with enhanced sensitivity to dual PI3K/RTK inhibition. The
alpelisib-crizotinib combination emerged as the most promising strategy tested, supporting
further investigation of this approach as a targeted therapeutic strategy for 7P53-PI3K**
TNBC.
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5.The role of 7P53 alterations, alone and in
combination with PIK3CA alteration, in
modulating response to alpelisib and

crizotinib in isogenic MCF10A models
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5.1.Introduction

In Section 4.4.1.3., we observed that the two PIK3CA-MUT TNBC cell lines harbouring co-
occurring 7P53 mutations exhibited higher alpelisib ICso values than the two PIK3CA-
MUT/TP53-WT TNBC cell lines tested, suggesting a potential association between 7P53 co-
mutation and reduced alpelisib sensitivity. We further demonstrated that alpelisib in
combination with crizotinib showed synergistic anti-proliferative effects in a TP53/PIK3CA
co-mutant TNBC cell line and induced apoptosis in this model. However, emerging evidence

indicates that not all 7P53 mutations confer identical functional consequences (231).

TP53 missense mutations can produce LOF, GOF, or dominant-negative (DN) effects (669).
LOF mutations impair p53’s canonical tumour suppressor activity, including cell cycle arrest
and apoptosis induction (229). GOF mutations confer new oncogenic properties, such as
promoting proliferation, metastasis, or drug resistance (670). DN mutations interfere with co-
expressed WT p53, suppressing its tumour-suppressive activity (671). These functional
consequences are often associated with the mutation class: DNA-contact mutants (e.g. R248Q,
R273H) primarily impair direct DNA binding, whereas structural mutants (e.g. R175H,
(G245S) destabilise protein folding (672). However, the exact behaviour is allele- and context-
dependent, so variant-level functional annotation is important for interpreting mutation-

specific responses to therapy (673).

The primary aim of this chapter was to determine whether different 7P53 mutations lead to
varying responses to alpelisib, and to identify baseline transcriptomic features that might
explain these differences. We then sought to investigate the synergistic effects of alpelisib and
crizotinib in a controlled genetic background, to assess how TP53 and/or PIK3CA mutations

influence therapeutic response.

To provide a controlled system for this analysis, we utilised the MCF10A TP53-altered cell
line panel developed by Pal et al. (2023). In this study, the authors generated an isogenic panel
of non-tumorigenic mammary epithelial MCF10A cell lines in which ten of the most common
BC-associated 7P53 missense mutations were individually introduced into a uniform genetic
background, alongside 7P53-WT (p5S3WT), TP53-overexpression (p530E), and TP53-
knockdown (p53KD) controls. Using this platform, they performed multidimensional
phenotypic and molecular characterisation, demonstrating that distinct 7P53 missense
mutations confer heterogeneous and mutation-specific effects on cancer-relevant phenotypes

including proliferation, survival, migration, invasion, anoikis resistance, and 3D mammosphere
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morphology. They further assessed differential apoptotic responses following doxorubicin
treatment, identifying 7P53 variants associated with relative apoptosis sensitivity or resistance.
Importantly, this work showed that 7P53 missense mutations are not functionally equivalent
and may exhibit mutation-specific neomorphic behaviours, thereby establishing a robust
framework for investigating 7P53 mutation-specific biology in a controlled genetic context

(585).

To investigate the impact of 7P53 mutation status on alpelisib sensitivity in a controlled genetic
background, we utilised the MCF10A 7P53-altered cell line panel developed by Pal et al.
(2023) in the laboratory of Professor Joshua LaBaer at ASU, which was obtained during a
research visit to this group. Using this isogenic model system, we assessed alpelisib sensitivity
across the TP53-altered cell lines by proliferation assay and classified individual models as
sensitive or resistant based on their drug response profiles. I then analysed baseline (untreated)
RNA-seq data generated by LaBaer’s group to identify pre-existing transcriptional differences
associated with alpelisib sensitivity. Finally, selected 7P53-altered lines were transduced with
a PIK3CA mutation (H1047R) to generate double-mutant models, enabling evaluation of
alpelisib-crizotinib combination responses and drug synergy within a controlled genetic

context.
This chapter therefore comprises two components:

1. An analysis of alpelisib sensitivity and associated baseline transcriptomic differences

in TP53-altered MCF10A models.

2. An evaluation of alpelisib and/or crizotinib responses in 7P53- and/or PIK3CA-altered

MCF10A models, assessing drug synergy within a controlled genetic context.
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5.2.Distinct 7P53 alterations influence gene expression profiles,

potentially enhancing sensitivity to the PI3K inhibitor alpelisib

In this section, we investigate whether distinct 7P5 3 alterations influence sensitivity to alpelisib
within a controlled isogenic model system. Given the established interplay between 7P53 and
PI3K/AKT pathway regulation, we hypothesised in Section 3.1 (Chapter 3) that 7P53 mutation
status may influence response to alpelisib. This hypothesis was further motivated by
observations in Chapter 4 suggesting a potential association between co-occurring 7P53
mutation and reduced alpelisib sensitivity in PIK3CA-MUT TNBC cell lines relative to
PIK3CA-MUT/TP53-WT models (Figure 4-1).

5.2.1. Alpelisib sensitivity profiling in 7P53-altered MCF10A cell lines
revealed enhanced sensitivity in G245S and R273H mutants,

consistent with baseline gene expression differences

The proliferation assay results, presented in Figure 5-1(a), show that the G245S (ICso = 1.38 £+
0.23 uM) and R273H (ICso = 2.30 + 0.26 pM) cell lines exhibited heightened sensitivity to
alpelisib compared to the pS3WT (ICso = 4.06 = 0.96 uM) cell line, while the pS30E (ICso =
4.57 £ 0.64 uM) and p5S3KD (ICso > 5 puM) cell lines displayed decreased sensitivity.
Meanwhile, the Y163C (ICso = 2.53 + 0.38 uM) cell line demonstrated increased sensitivity to
alpelisib relative to the three WT controls (pS3WT, pS30E, p5S3KD), yet it was less responsive
than the two other 7P53-MUT cell lines.

Based on the outcome of the alpelisib proliferation assay, the cell lines were categorised into
three groups relative to alpelisib sensitivity, using the reported clinical Cmax of approximately
5.62 uM (see Section 4.3.1., Chapter 4) as a reference for physiologically relevant exposure

levels:

- 1Cs0>4.5 uM: Resistant (pS30E and p53KD)
- 1Cs0> 2.5 uM: Intermediate (pS3WT and Y163C)
- 1Cs0 < 2.5 uM: Sensitive (G245S and R273H).

Although pS3WT could alternatively be aligned with the resistant group and Y163C with the
sensitive group, we opted to exclude these intermediate responders to ensure a robust contrast

in differential expression between the sensitive and resistant categories.
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Our next objective was to determine whether distinct 7P53 alterations influence the baseline
gene expression profiles of the MCFIOA cell lines (i.e. before treatment), potentially
contributing to their varied responses to alpelisib. To address this, we analysed baseline
untreated RNA-seq data generated by the LaBaer laboratory for the 7P53-altered MCF10A
cell line panel. An MDS plot of the normalised RNA-seq data, presented in Figure 5-1(b),
revealed distinct clustering of cell lines corresponding to the alpelisib response groups, with
the resistant (green) cell line samples on the bottom left, the intermediate (pink) clustered on
the top left, and the sensitive (blue) clustered on the centre right. This suggests that 7P53-

induced gene expression differences at baseline may influence sensitivity to alpelisib.

To elucidate the specific transcriptomic impacts of 7P53 alterations on alpelisib-sensitive
MCF10A cell lines, we performed a DEA comparing the sensitive group to the resistant group.
The volcano plot in Figure 5-1(c) presents the DEA results, revealing 727 genes with
significantly (JL2FC| > 0.585; FDR < 0.05) higher expression and 1020 genes with
significantly lower expression in the sensitive group. Subsequent heatmap analysis of the
significant DEGs from alpelisib-sensitive versus alpelisib-resistant DEA (shown in Figure 5-
1(d)) highlighted the three distinct alpelisib sensitivity groups (sensitive = blue; intermediate
= pink; resistant = green) via hierarchical clustering, with the intermediate group aligning more

closely with the resistant group than the sensitive group.

The heatmap's colour intensity reveals that the intermediate group displays less intense reds
(indicating high expression) and blues (indicating low expression) relative to the more intense
colours in the sensitive and resistant groups, suggesting that many genes in the intermediate

group have expression levels that lie between those of the sensitive and resistant groups.
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Figure 5-1. Alpelisib response and gene expression in MCF10A cells with 7P53 alterations,
colour-coded by sensitivity: resistant (green: pS3KD, pS30OE), intermediate (pink: pS3WT,
Y163C), sensitive (blue: R273H, G245S). (a) Proliferation assay (18-5000 nM alpelisib; mean + SD;
n=23). (b) MDS plot of baseline RNA-seq. (¢) Volcano plot of DEA (alpelisib-sensitive versus alpelisib-
resistant; L2FC, -logio(FDR)); blue: FDR < 0.05; black: p <0.05; red: p > 0.05). DEGs (|[L2FC| > 0.585,
FDR < 0.05): green (upregulated), red (downregulated). (d) Heatmap of z-scored DEGs with
hierarchical clustering by sensitivity.

GSEA was performed on the ranked gene list derived from the alpelisib-sensitive versus
alpelisib-resistant DEA. Enrichment of Hallmark and Reactome pathways was assessed, with
the top 15 pathways enriched in alpelisib-sensitive cells and the top 15 pathways enriched in

alpelisib-resistant cells visualised in the dot plot in Figure 5-2(a).

The alpelisib-sensitive group was enriched for pathways associated with EMT and extracellular
matrix remodelling, including EMT, extracellular matrix organisation, elastic fibre formation,
and molecules associated with elastic fibres. These pathways were driven by leading-edge

genes such as VIM, FNI, CDH2, LOX, and POSTN, indicating that the sensitive 7P53-MUT
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models exhibit a more mesenchymal-like baseline transcriptional profile relative to resistant
cells. Additional enrichment of interferon alpha/gamma response and IL-6/JAK/STAT3
signalling suggested increased baseline inflammatory and cytokine-responsive signalling in the
sensitive group. In contrast, the alpelisib-resistant group demonstrated enrichment of pathways
related to epithelial differentiation and keratinocyte-associated programmes, including
formation of the cornified envelope, keratinisation, and keratinocyte differentiation, with
leading-edge genes including multiple keratins and epithelial structural markers such as
KRTI14, KRT15, KRTI17, and IVL. In addition, resistant cells showed relative enrichment of
gene sets associated with stress-response pathways — including p53 and TNFo/NF«B signalling

— MYC signalling, and mitochondrial translation and protein import.

Given the enrichment of epithelial differentiation programmes in the resistant group, we next
assessed whether these pathway-level differences were reflected in a focused basal epithelial
gene set. This gene set comprised 7P63, a master regulator of basal epithelial identity, the
canonical basal keratins KRTS5 and KRT14, and the stress- and activation-associated keratins
KRT6A, KRT6B, KRT16, and KRT17, which are often co-expressed in basal-like, proliferative,
and stress-responsive epithelial states (674,675). Overall, a clear group-level trend was
observed (shown in Figure 5-2(b)), with alpelisib-resistant cell lines (p5S3KD and p530E)
generally exhibiting the highest expression of the basal epithelial and stress-associated keratin
programme, sensitive cell lines (G245S and R273H) showing the lowest expression, and

intermediate lines (pS3WT and Y163C) falling between these two extremes.

At the gene level, a clear contrast between R273H (alpelisib-sensitive) and pS3KD (alpelisib-
resistant) was observed for 7P63 and KRTS5, both of which are markedly reduced in R273H.
The reduced 7P63 expression in R273H is consistent with previous reports linking mutant p53
to 7P63 downregulation (676), suggesting mutation-specific effects in shaping basal epithelial
programmes. Interestingly, pS3OE clusters more closely with pS3KD than with pS3WT at the
transcriptional level, indicating that both p53 loss and overexpression shift cells away from the
WT-balanced state toward a shared rewired epithelial programme. While 7P63 and core basal
keratins (KRT5, KRT14) remain broadly similar between pS30E and WT, p530E shows
increased expression of stress-associated keratins (e.g. KRT76, KRT16, KRT17), resembling
pS3KD. This suggests that pS30E does not simply recapitulate pS3WT function, but instead
perturbs epithelial differentiation and stress-response programmes in a manner partially

convergent with p53 loss.
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Figure 5-2. GSEA and basal gene signature differences between alpelisib-sensitive and alpelisib-resistant 7P53-altered MCF10A cells. (a) GSEA was
performed on ranked genes from DEA comparing sensitive versus resistant groups using Hallmark and Reactome gene sets (MSigDB). The plot shows the top
15 significantly enriched pathways in each direction (FDR < 0.05). Positive NES indicates enrichment in sensitive cells, and negative NES indicates enrichment
in resistant cells. Bubble size represents statistical significance (-logio adjusted p-value), and colour denotes gene set database (Hallmark or Reactome). (b)

Heatmap of the basal gene expression signature across individual samples, scaled by row (z-score).

Overall, alpelisib-sensitive 7P53-MUT models exhibit a mesenchymal and inflammatory baseline transcriptional state, whereas resistant models

are characterised by epithelial differentiation and basal keratinocyte-associated programmes. These distinct 7P53-driven baseline expression

profiles may therefore contribute to differences in alpelisib sensitivity.
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5.2.2. Analysis of the top ranked genes from the DEA of alpelisib-sensitive
versus alpelisib-resistant MCF10A cell lines reveals potential drivers

of alpelisib sensitivity

Our next analysis focused on examining the top ranked upregulated and downregulated genes
from the alpelisib-sensitive versus alpelisib-resistant DEA to further identify baseline gene
expression differences that might influence alpelisib response and serve as potential biomarkers
of therapeutic sensitivity/resistance. Consistent with GSEA, genes were ranked using a
composite score of the absolute L2FC and FDR, calculated as |[L2FC| x -log1o(FDR); the RANK
function was then applied to each gene's score relative to the distribution of scores for all DEGs.
The top 20 ranked up- and downregulated DEGs are presented in the tables in Figure 5-
3(a(i),b(i)). We then extracted the normalised expression values of the DEGs and visualised
them in bar charts, as shown in Figure 5-3(a(ii),b(ii)), to highlight expression variations across

the three alpelisib sensitivity groups (sensitive, intermediate, resistant).

Across the top 20 genes upregulated in the alpelisib-sensitive group, several functional themes
emerge, including genes involved in cell adhesion, cytoskeletal organisation, and plasticity-
associated signalling. Strongly enriched genes such as CADM3, AMPH, MAP2, NEGRI,
PCDHB2, and PCDHAG6 are classically associated with neuronal or synapse-related
programmes, while WIPFI, MRC2, COL8A1, and CFH reflect cytoskeletal remodelling and
extracellular matrix (ECM) interactions. In addition, immune- and stress-responsive genes such

as [F144L, FPRI, PDE7B, and ANXA6 were also elevated in the sensitive group.

In contrast, genes upregulated in the alpelisib-resistant group were dominated by epithelial
differentiation, keratinisation, and structural integrity programmes. The most strongly
downregulated genes in the sensitive group included CALBI, ZNF711, TENM1, KRT4, KLK10,
SPRRIA, SPRRIB, SCEL, and CC2D24, alongside adhesion-related genes such as PCDH1 and
PARVB. Notably, multiple keratinisation-associated genes (e.g. SPRR family members) and
epithelial structural regulators were enriched in resistant cells, consistent with the broader
GSEA findings. The intermediate group exhibited intermediate expression levels between the
sensitive and resistant groups, generally aligning more closely with the resistant group. This

finding was consistent with the heatmap visualisation in Figure 5-1(d).
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Figure 5-3: Analysis of baseline gene expression differences in MCF10A cell lines with varying
TP53 alterations based on alpelisib sensitivity: resistant (pS3KD, pS3OE), intermediate (pS3WT,
Y163C), sensitive (R273H, G245S). (a) Table of the top 20 ranked DEGs from the DEA comparing
the most sensitive versus the least sensitive groups, ranked by L2FC and FDR. (b) Bar charts displaying
the normalised expression levels (log2(CPM + 1)) of each of the top 20 ranked genes with higher
expression in the (i) alpelisib-sensitive group or (ii) alpelisib-resistant group. Expression is visualised
across the three sensitivity groups — blue = sensitive (G245S and R273H), pink = intermediate (Y163C
and p5S3WT), and green = sensitive (pS3KD and pS30E) — with error bars indicating SD from the mean.
Collectively, these findings extend the GSEA results by providing gene-level resolution of
pathway differences between alpelisib-sensitive and -resistant models, supporting an
association between 7P53 mutation-linked baseline transcriptional states and PI3K inhibitor
response. Sensitive models show a more plastic, mesenchymal-like, ECM-interacting
programme consistent with a more plastic cellular state and potentially reflecting differences
in PI3K/AKT pathway engagement (677). In contrast, resistant models are enriched for
epithelial differentiation pathways, suggesting reduced dependence on PI3K signalling. These

differences appear to be driven by specific 7P53 missense variants rather than 7P53 status

alone, indicating allele-specific effects on transcriptional reprogramming and drug sensitivity.

173



5.2.3. PI3K/AKT pathway KEGG analysis highlights dysregulated genes
linked to alpelisib response in 7P53-altered MCF10A cell lines

Consistent with the baseline transcriptional differences observed between alpelisib-sensitive
and -resistant 7P53-altered MCF10A cell lines, we next examined whether these differences
extended to the PI3K/AKT signalling pathway, the direct molecular target of alpelisib. DEGs
from the sensitive versus resistant comparison were mapped onto the KEGG PI3K/AKT
pathway (hsa04151), revealing distinct baseline expression patterns of pathway-associated

genes between the two groups (Figure 5-4).

DEA of alpelisib-sensitive versus alpelisib-resistant cell lines revealed 26 significantly
upregulated and 31 significantly downregulated genes (|[L2FC| > 0.585; FDR < 0.05) in the
PI3K/AKT pathway in sensitive cells, highlighting baseline pathway features that may confer

drug responsiveness.

Within the PI3K/AKT pathway, alpelisib-sensitive cell lines exhibited higher expression of
PIK3R3 and AKT3 and lower expression of PIK3CD and AKT2, indicating isoform-specific
differences in PI3K/AKT pathway composition . Upstream of the pathway, RTKs including
EGFR, MET, FGFR3, and EPHA2 were broadly downregulated in sensitive cells, consistent
with reduced expression of growth factor signalling inputs into PI3K/AKT activation (678).

At the level of downstream signalling, key effectors involved in translation and survival,
including EIF4EBPI, RPS6KB2, MYC, and BCL2LI, were reduced in sensitive cells. This
pattern indicates reduced engagement of proliferative and translational programmes

downstream of AKT signalling in the sensitive group (621,679).

Negative regulators of PI3K/AKT signalling displayed mixed expression patterns, including
PHLPP?2 and components of the PP2A complex (PPP2R3A4, PPP2R2C, PPP2CB), suggesting
altered feedback control of AKT activity in 7P53-altered models (680—682). In parallel, ECM-
and integrin-associated genes such as ITGAI, ITGAV, LAMAI, LAMB2, ITGA3, ITGAG6,
ITGA10, LAMA3, and LAMB3 were differentially expressed, indicating broader remodelling
of extracellular signalling inputs that converge on PI3K/AKT pathway activity (683).

Several of the genes altered within the PI3K/AKT pathway intersect with known p53-regulated
signalling networks; however, most are not established direct 7P53 transcriptional targets. For
example, MYC and BCL2L] are frequently modulated downstream of p53 activity in stress and

survival contexts, but are generally regulated indirectly through 7P53-dependent transcription
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factor networks rather than direct pS3 binding (684,685). This suggests that the observed
differences are unlikely to reflect direct 7P53 target gene regulation alone. Instead, these
findings are consistent with 7P53 mutation-associated differences in baseline transcriptional
states that coincide with altered expression of growth factor and survival signalling components

within the PI3K/AKT pathway.

Overall, the PI3K/AKT pathway analysis reveals coordinated differences in upstream
signalling, downstream effector activity, and extracellular interaction genes between alpelisib-
sensitive and -resistant 7P53-altered MCF10A cell lines. These patterns align with the broader
transcriptomic differences observed in earlier analyses and suggest that 7P53 mutation status
is associated with distinct baseline configurations of PI3K/AKT pathway gene expression that

may relate to differential drug response.
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Figure 5-4: Analysis of the PI3K/AKT KEGG pathway in the alpelisib-sensitive versus alpelisib-resistant DEA. (a) Overview of the KEGG PI3K/AKT
pathway (hsa04151) with DEGs from the alpelisib-sensitive versus alpelisib-resistant DEA mapped onto it, where upregulated genes are marked in green and
downregulated genes are in red. Colour scale represents L2FC (green = upregulated, red = downregulated). (b) DEA results (L2FCs and FDRs) for significant
PI3K/AKT pathway DEGs, with upregulated genes in green and downregulated genes in red.
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5.2.4. Crizotinib response profiling across 7P53-altered MCF10A cell lines

reveals mutation-specific differences in drug sensitivity

To determine whether 7P53 alterations influence sensitivity to receptor RTK inhibition, we
next assessed the response of 7P53-altered MCF10A cell lines to crizotinib, as summarised in
Table 5-1. Overall, the 7TP53-MUT cell lines (R273H, G2458S, Y163C) demonstrated a slight
increase in sensitivity to crizotinib relative to the WT controls (pS3WT, p530E, pS3KD) (mean
I1Cs50=0.72 uM vs. 0.91 uM, respectively). Among the 7P53 variants, the G245S mutant again
emerged as the most sensitive (ICso = 0.65 = 0.03 uM), whereas the p5S3KD line was the least
sensitive (ICso = 1.06 £ 0.05 uM).

Relative to the reported clinical Cimax of ~0.82 uM for crizotinib, all 7P53-MUT cell lines fall
within or just below the therapeutic window, while the WT control cells approach or slightly
exceed it. Although the differences in sensitivity were subtler than for alpelisib, the consistently
lower ICso values in 7P53-MUT cell lines indicate a potential vulnerability to RTK inhibition
conferred by 7P53 mutation.

In the context of the transcriptomic data presented in Section 5.2.3, RTKs including MET,
EGFR, FGFR3 and EPHA2 were differentially expressed between alpelisib-sensitive and -
resistant cell lines. While these observations are based on RNA expression levels rather than
protein activity, they indicate that differential RTK expression may contribute to the variation

in crizotinib response observed across 7P53-altered models.

Table 5-1. Crizotinib ICs¢ values in MCF10A cell lines with different TP53 alterations.

MCF10A Cell Line Crizotinib ICsy (uM)
pS3WT 0.86 +0.13
pS30E 0.81+0.12
p53KD 1.06 £ 0.05
R273H 0.77 £ 0.05
Y163C 0.73 £0.07
G245S 0.65 £ 0.03
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5.2.5. Summary

This section shows that 7P53 alterations are associated with distinct baseline transcriptional
states in isogenic MCF10A models, which correlate with differential sensitivity to alpelisib. In
particular, 7P53 missense mutants G245S and R273H are more sensitive to alpelisib, while
pS3KD and p530OE are relatively resistant. Baseline RNA-seq analysis indicates that alpelisib-
sensitive models cluster together and are characterised by mesenchymal-like, ECM-
remodelling and inflammatory programmes, whereas resistant models display epithelial
differentiation and keratinisation signatures. Gene-level and pathway analyses further highlight
differences in adhesion, stress-response, and PI3K/AKT signalling components that may
underlie these responses. Crizotinib responses show only modest variation across 7P53-altered
lines, with a slight increase in sensitivity in 7P53-MUT cells compared to controls, suggesting

a weaker association between 7P53 status and RTK inhibitor response.

Overall, these findings indicate that 7P53 mutation-specific transcriptional rewiring influences
baseline PI3K/AKT pathway activity and is associated with differential sensitivity to alpelisib,

with more limited effects on crizotinib response

5.3.Investigating the impact of 7P53 alterations on alpelisib and
crizotinib response in PIK3CA-MUT MCF10A models

In Chapter 4, we demonstrated that TNBC cell lines harbouring co-occurring 7P53 and
PIK3CA mutations exhibited reduced sensitivity to alpelisib compared to cell lines with
PIK3CA mutations alone (see Figure 4-1, Chapter 4). This observation led us to hypothesise
that 7P53 mutations may promote compensatory signalling mechanisms that attenuate PI3Ka

inhibitor sensitivity.

Supporting this, Croessmann et al. (2017) showed in isogenic MCF10A models that 7P53 and
PIK3CA co-alterations influence targeted therapy response in a variant-specific manner.
Although the PI3Ka inhibitor BYL719 (alpelisib) did not produce uniformly increased
sensitivity across PIK3CA-MUT models, cells harbouring 7P53 alterations in combination
with PIK3CA E545K appeared among the most sensitive to BYL719 relative to parental
MCFI10A controls. In contrast, co-occurring 7P53 alterations and PIK3CA H1047R — but not
PIK3CA E545K — conferred relative resistance to the dual EGFR/HER2 inhibitor lapatinib
compared with single PIK3CA-MUT counterparts (686). These findings suggest that the
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therapeutic consequences of 7P53/PIK3CA co-alteration depend on the specific mutational

combination present and may involve differential engagement of RTK signalling pathways.

Consistent with this model, we observed that genes encoding crizotinib targets — MET, ALK,
and ROSI1 — were more highly expressed in TNBC relative to other BC subtypes (see Figure 4-
2, Chapter 4), supporting a potential role for RTK-mediated bypass signalling in this disease
context. We therefore proposed that co-mutant models with reduced alpelisib sensitivity may
be sensitised through dual PI3Ko/RTK inhibition using alpelisib in combination with
crizotinib. In line with this hypothesis, combined alpelisib and crizotinib treatment was

synergistic in TP53/PIK3CA co-mutant TNBC cell lines (see Figure 4-7, Chapter 4).

Separately, analysis of alpelisib response across our MCF10A 7P53 variant panel identified
specific 7P53 alterations, particularly G245S and R273H, that enhanced alpelisib sensitivity
relative to WT controls (pS3WT, p530E, and p53KD) (see Figure 5-1(a)). These variants
represent distinct classes of 7P53 missense mutations, with G245S classified as a structural
mutant and R273H as a DNA-contact mutant. Prior characterisation of this MCF10A panel by
Pal et al. demonstrated that 7P53 missense mutations exhibit heterogeneous functional effects,
with variability observed both between and within mutation classes, reflecting mutation-

specific differences in DNA binding and transcriptional regulation.

The primary aim of this section was therefore to delineate the effects of 7P53 and PIK3CA
alterations on sensitivity to alpelisib and crizotinib, both as single agents and in combination,

within a genetically controlled, non-tumorigenic cellular model.

5.3.1. Expansion of MCF10A cell line panel to evaluate alpelisib sensitivity

across diverse 7P53 alterations

In Section 5.3., we analysed alpelisib response in a selection of 7P53-altered MCF10A cell
lines (p530E, p53KD, G245S, R273H, and Y163C) as well as the parental pS3WT cell line.
To build on this, we expanded our analysis to the full panel of 13 MCF10A cell lines from the
Pal et al. study (see Figure 5-1), with the goal of assessing differential alpelisib sensitivity
across diverse TP53 alterations. This approach allowed us to investigate how distinct 7P53
alterations, which may have different functional consequences, influence alpelisib response.
Additionally, we sought to identify the most and least alpelisib-sensitive cell lines within this
panel, as these would be used in subsequent experiments involving the introduction of a

PIK3CA mutation to assess responses to the alpelisib and crizotinib combination.
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The table in Figure 5-5(a) presents the full MCF10A cell line panel, grouped based on mutation
type (structural or DNA contact) or control. The antiproliferative effect of alpelisib was
assessed in the remaining 7 MCF10A cell lines, as shown in Figure 5-5(b). Results for the
entire cell line panel were included in this figure for visualisation of differential response. ICso

values from the proliferation assays are also presented in the figure (alpelisib Cmax ~5.62 uM).

Alpelisib responses at 1.25 pM were statistically evaluated relative to the pS30E cell line (see
Figure 5-5(c)), serving as controls for both 7P53-WT expression and overexpression from
transduction. The R248Q (1.61-fold decrease, p = 1.29x10°%), G245S (1.45-fold decrease, p =
3.38x10%%), and R273C (1.43-fold decrease, p = 2.54x10%%) cell lines showed the greatest
reductions in percentage cell growth. The R175H (1.32-fold decrease, p = 1.13x107°%), R248W
(1.31-fold decrease, p = 7.89x10°%), R273H (1.29-fold decrease, p = 1.15x10°%?), and Y163C
(FC 1.20-fold decrease, p = 2.58x107%) variants also demonstrated significant decreases in
growth compared with pS30E. At 1.25 uM, p5S30E exhibited no significant difference in
percentage cell growth relative to the H179R, Y220C, and Y234C cell lines, as well as pS3WT
and p53KD.

To determine whether 7P53 mutation type broadly influences alpelisib sensitivity, we
compared DNA contact versus structural mutants, assessing whether one class is generally
more responsive to treatment than the other. The grouped bar chart in Figure 5-5(c) reveals that
the structural mutant group (yellow) was significantly more sensitive to alpelisib than the
control group (grey) (1.14-fold decrease, p = 4.43x107%), while the DNA contact mutant group
(green) exhibited significantly greater sensitivity than both the structural mutant group (1.22-
fold decrease, p = 2.91x10%) and the control group (1.39-fold decrease, p = 1.36x10),
indicating that DNA contact mutations may enhance drug efficacy to a greater extent than

structural mutations.
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Figure 5-5: TP53-altered MCF10A cell line panel response to alpelisib treatment. Colours indicate
the mutation type: grey = controls (pS30E, pS3WT, p53KD), green = DNA contact mutants (R273H,
R248W, R273C, R248Q), yellow = structural mutants (Y234C, Y220C, H179R, Y163C, G245S). (a)
Panel of 7P53-altered MCF10A cell lines and their mutation type. (b) Proliferation assay results from
the TP53-altered MCF10A cell line panel, plotting percentage cell growth against logio transformed
alpelisib concentrations (18-5000 nM). Proliferation assay results at a fixed concentration of 1.25 uM
alpelisib for 7P53-altered MCF10A cell lines (c) individually and (d) grouped by mutation type, with
error bars indicating SD from the mean and significance asterisks denoting Student’s t-test results (* =
p=<0.05; **=p<0.01).

These results support our earlier hypothesis that 7P53 mutations influence sensitivity to
alpelisib in a mutation-specific manner, with DNA contact mutants exhibiting greater
sensitivity than structural mutants, though outliers in the latter group suggest additional

mutation-specific effects.
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5.3.2. Confirmation of PIK3CA-WT and PIK3CA-MUT transduction by

elevated PIK3CA protein expression in cell lines

To investigate the impact of co-occurring 7P53 and PIK3CA alterations on alpelisib sensitivity,
we transduced selected 7P53-altered MCF10A cell lines with a PIK3CA mutation (H1047R;
the most prevalent PIK3CA mutation in both TNBC and cancer generally).

To explore potential differences in response, we chose 7P53-altered cell lines exhibiting varied
sensitivity to alpelisib for transduction. Additionally, we overexpressed PIK3CA-WT in these
cell lines, mirroring the overexpression strategy employed in our prior analyses of 7P53.
However, given that PIK3CA overexpression may hyperactivate the PI3K pathway in a manner
similar to the oncogenic mutation, a non-P/K3CA-transduced control was also incorporated to
mitigate this potential confound. As the PIK3CA gene encodes the p110a protein, the cell lines
were denoted based on this (e.g. p110aWT).

We selected two DNA contact 7P53-MUT cell lines, R248Q and R273C, which exhibited
heightened sensitivity to alpelisib relative to the pS30E control. To illustrate the reduced
sensitivity typically observed among structural mutants, we included Y234C, which exhibited
the lowest alpelisib sensitivity across the 7P53-altered MCF10A panel. The p53OE line served

as the principal control.

Each TP53-altered cell line was either non-PIK3CA-transduced (p110aWT), PIK3CA-WT-
transduced (p1100OE), or PIK3CA-MUT-transduced (p110aMUT). To distinguish between
the different 7P53 variants, these mutations were henceforth denoted with p53 (e.g.
pS53R273C). The table in Figure 5-6(a) presents the panel of MCF10A cell lines used for this
analysis. Alpelisib sensitivity or resistance was indicated for the non-P/K3CA-transduced cell
lines (i.e. TP53-altered only) based on results from Figure 5-5(b). Cell lines with an ICso greater
than 4.5 uM were considered to be alpelisib-resistant and cell lines with an ICso less than 2.5

uM were considered to be sensitive.

Following the establishment of the transduced MCF10A cell lines, Western blot analysis was
performed to quantify total PIK3CA protein levels, confirming successful transduction with
the PIK3CA viral vectors. As shown in Figure 5-6(b), Western blot results revealed
significantly elevated total PIK3CA protein levels in all PIK3CA-transduced cell lines (both
p110aOE and p110aMUT) compared to the non-PIK3CA-transduced controls (p110aWT),
with the exception of p53R248Q pl110aOE which displayed a smaller increase in PIK3CA



protein compared to other transduced cells. This modest elevation may suggest lower
transduction efficiency or incomplete integration of the PIK3CA-WT viral vector in the

pS53R248Q cell line.

a.
Non-PIK3CA — PIK3CA-WT PIK3CA-MUT
Transduced Alpelisib Transduced Transduced
p530E pl10aWT Resistant p530E pl110aOE p530E pl110aMUT
p53Y234C pl10aWT Resistant p53Y234C pl1100aOE p53Y234C pl10aMUT
p53R273C _pl110aWT Sensitive p53R273C _pl110aOE p53R273C _pl110aMUT
p53R248Q pl110aWT Sensitive p53R248Q pl10aOE p53R248Q pl110aMUT
b.
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Figure 5-6: Western blot analysis of PIK3CA protein expression in transduced MCF10A cell lines.
(a) Panel of TP53/PIK3CA-altered MCF10A cell lines coloured by 7P53 mutation type (grey = control,
green = DNA contact mutant, yellow = structural mutant) with alpelisib sensitivity (green; ICso < 2.5
uM) or resistance (red; ICso > 4.5 uM) indicated for the non-P/K3CA-transduced cell lines. (b) Western
blot analysis of total PIK3CA and B-actin protein levels in 7P53-altered MCF10A cell lines (pS30OE,
p53R273C, p53Y234C, p53R248Q) non-PIK3CA-transduced (pl10aWT), PIK3CA-WT-transduced
(p110aOE), or PIK3CA-MUT-transdcued (p110aMUT). p53 status is indicated in red and p110a status
is indicated in green, with full cell line descriptors labelled below the Western blot (coloured by
mutation type or control). B-actin serves as the loading control. Molecular weight markers (kDa) are
indicated on the right.

While total PIK3CA expression was confirmed by Western blot, direct assessment of
downstream PI3K pathway activity (e.g. phosphorylation markers) was not performed in this

study and would be an important extension in future work.
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5.3.3. Alpelisib sensitivity in 7P53/PIK3CA-altered MCF10A cell lines

Alpelisib response was assessed across the panel of 7P53/PIK3CA-altered MCF10A cell lines.
Given the antiproliferative effects of alpelisib on TNBC cell lines observed in our study (see
Figure 4-1, Chapter 4), we hypothesised that 7P53/PIK3CA co-mutant MCF10A cell lines
would exhibit reduced sensitivity compared PIK3CA-MUT-only cells and potentially increased
sensitivity relative to 7P53-MUT-only cells. As PIK3CA mutations drive hyperactivation of
the PI3K pathway, we anticipated that overexpression of PIK3CA may yield responses to
alpelisib comparable to those elicited by the PIK3CA-MUT transduced lines.

Alpelisib response was assessed across the panel of 7P53/PIK3CA-altered MCF10A cell lines.
Given the antiproliferative effects of alpelisib on TNBC cell lines observed in our study (see
Figure 4-1, Chapter 4), we explored whether 7P53/PIK3CA co-alteration would modulate
sensitivity compared with single-gene alterations. While Crossman et al. reported increased

alpelisib sensitivity in certain co-altered contexts, these effects are not consistent across genetic

backgrounds (686).

Consistent with prior findings (see Figure 5-5(b)), non-PIK3CA-transduced (i.e. pl110aWT)
pS3R273C pl10aWT (Figure 5-7(a)) and pS53R248Q pll10aWT (Figure 5-7(b)) were
sensitive to alpelisib, while p53Y234C pl110aWT (Figure 5-7(c)) demonstrated resistance.
The pS30E _p110aWT cell line, illustrated in each graph (Figure 5-7(a-c)) for comparison, also

exhibited resistance.

Upon transduction with the PIK3CA-WT plasmid (i.e. _p110aOE), response to alpelisib in the
pS53R273C pl110aOE (Figure 5-7(a)) and p53R248Q pl110aOE (Figure 5-7(b)) remained
similar to their non-P/IK3CA-transduced counterparts. The same pattern was observed in the

p53Y234C pl110aOE (5-7(c)) and pS30E p110aOE (Figure 5-7(a-c)) cell lines.

Transduction with the PIK3CA-MUT plasmid (i.e. pl10aMUT) reduced sensitivity to
alpelisib in both the p53R273C pl110aMUT (Figure 5-7(a)) and p53R248Q pl110aMUT
(Figure 5-7(b)) cell lines, compared to their non-PIK3CA-transduced counterparts. A small
reduction in cell growth inhibition at 2.5 uM alpelisib was also observed in the
p53Y234C p110aMUT (Figure 5-7(c)) and pS30OE pl110aMUT (Figure 5-7(a-c)) cell lines
compared to the non-PIK3CA-transduced cell lines (6% versus 21% and 0% versus 16%,

respectively).
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Figure 5-7: Antiproliferative effects of alpelisib on TP53/PIK3CA-altered MCF10A cell lines. The
proliferation of (a) p53R273C pl10aWT, p53R273C pl10aOE, p53R273C pl110aMUT, (b)
p53R248Q pl110aWT, p53R248Q pl10aOE, p53R248Q pl10aMUT, (e) p53Y234C pl10aWT,
p53Y234C pl1100OE, and p53Y234C pl110aMUT was assessed following 5 days of treatment with
increasing concentrations of alpelisib (0-2.5 uM). Results for the control cell lines — pS30E _p110aWT,
pS30E pl10aOE, and p530E pl110aMUT - are also shown in each graph (a-c). Percentage growth
was calculated relative to untreated controls. Drug concentrations (nM) were logio scaled and plotted
against percentage cell growth. Error bars indicate the SD of biological replicate experiments (n = 3).
(d) ICso values (uM) for the panel of TP53/PIK3CA-altered MCF10A cell lines treated with alpelisib.

These results, in the context of the TP53/PIK3CA-altered MCF10A cell line model, suggest
that alpelisib sensitivity is influenced by 7P53 and is not determined by P/K3CA mutation
status alone. In 7P53-MUT cells that were initially more sensitive to alpelisib, introduction of
a PIK3CA mutation was associated with a reduction in sensitivity, partially offsetting the

increased sensitivity observed with the pS3R273C and p53R248Q backgrounds.

Despite PIK3CA being a known biomarker for alpelisib response (458), introduction of a
PIK3CA mutation into p530E cells did not sensitise them, instead, it slightly reduced
sensitivity. A similar reduction in sensitivity was observed in the alpelisib-resistant p53Y234C
cell line. Overexpression of PIK3CA-WT had no measurable effect on alpelisib response,
contrary to our expectation that increased PIK3CA-WT expression might hyperactivate the
PI3K pathway and mimic the impact of a PIK3CA mutation. In summary, these findings
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confirm functional cross-talk between PIK3CA and TP53 pathways and highlight a mechanism
of intrinsic resistance that a PI3K inhibitor alone cannot overcome, which may explain the

limited clinical responses observed in patients (687).

5.3.4. Crizotinib sensitivity in 7P53/PIK3CA-altered MCF10A cell lines

Crizotinib response was assessed across the panel of 7P53/PIK3CA-altered MCF10A cell lines.
Based on our single-agent crizotinib results (Table 5-1), we expected at most a subtle difference

in sensitivity attributable to 7P53 alterations.

Each of the non-PIK3CA-transduced p5S3R273C pl10aWT  (Figure 5-8(a)),
pS53R248Q pl110aWT (Figure 5-8(b)), and p53Y234C pl110aWT (Figure 5-8(c)) cell lines, as
well as the pS30E _p110aWT (Figure 5-8(a-c)), exhibited similar response to crizotinib.

Upon transduction with the PIK3CA-WT plasmid, response to crizotinib in the
pS53R273C pl110aOE (Figure 5-8(a)) and p53Y234C pl110aOE (Figure 5-8(c)) reduced, with
the latter exhibiting a complete lack of response. The same pattern was observed in the
pS30E pl1100OE (Figure 5-8(a-c)) cell line, while the pS3R248Q p110aOE (Figure 5-8(b))
cell line demonstrated similar response to its non-P/IK3CA-transduced counterpart (as

expected).

Transduction with the PIK3CA-MUT plasmid also reduced sensitivity to crizotinib in each of
the p53R273C pl10aMUT (Figure 5-8(a)), pS3R248Q pl10aMUT (Figure 5-8(b)), and
p53Y234C pl110aMUT (Figure 5-8(c)) cell lines, as well as the pS30E_p110aMUT (Figure

5-8(a-c)) control, compared to their non-P/K3CA-transduced counterparts.

However, distinct patterns of crizotinib sensitivity were evident when comparing the individual
cell lines to their PIK3CA-WT-transduced counterparts.  Specifically, the
pS3R273C pl110aMUT (Figure 5-8(a)) and pS3R248Q pl110aMUT (Figure 5-8(b)) cell lines
exhibited reduced responsiveness to crizotinib relative to p53R273C pl110aOE and
pS53R248Q pl110aOE, respectively. In contrast, p53Y234C pl110aMUT (Figure 5-8(c))
demonstrated  enhanced  sensitivity compared to  p53Y234C pl10aOE. The
pS30E pl10aMUT cell line (Figure 5-8(a-c) exhibited equivalent responsiveness to crizotinib
as p530E _pl110aMUT.

Overall, these results indicate that crizotinib sensitivity in 7P53/PIK3CA-altered MCF10A cell
lines is highly context-dependent. Most of the non-P/K3CA-transduced cell lines exhibited
similar sensitivity to crizotinib (ICso ~1 uM). p53R273C pl10aWT showed subtle
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sensitisation similar to other 7P53 mutants (Table 5-1), whereas p5S3R248Q pl110aWT and
p53Y234C pl10aWT exhibited sensitivity comparable to the p530E pl110aWT control.
These results suggest that while 7P53 mutations may modulate crizotinib sensitivity, the effect

is small and variant-specific.

In contrast, transduction with both PIK3CA-MUT and PIK3CA-WT plasmids reduced response
to crizotinib across all 7P53 backgrounds, with the exception of the p5S3R248Q p110aOE cell
line, where no change in response was observed — consistent with the lack of PIK3CA
overexpression detected by Western blot. The magnitude of sensitivity reduction varied
depending on 7P353 status: in p5S3R273C cells, the PIK3CA mutation reduced sensitivity more
than PIK3CA-wildtpye, whereas in p53Y234C cells, overexpression of PIK3CA led to a greater
reduction in response than PIK3CA-MUT. In p530E cells, both PIK3CA-MUT and PIK3CA-

WT transduction had a comparable effect in reducing crizotinib sensitivity.

These findings indicate that PIK3CA activation is the primary driver of altered crizotinib
response, but its impact is modulated by 7P53 context, highlighting a nuanced interplay

between these two genes in determining drug sensitivity.
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Figure 5-8: Antiproliferative effects of crizotinib on 7P53/PIK3CA-altered MCF10A cell lines.
The proliferation of (a) p53R273C pl10aWT, p53R273C pl110aOE, p53R273C pl110aMUT, (b)
p53R248Q pl110aWT, p53R248Q pl10aOE, p53R248Q pl10aMUT, (¢) p53Y234C pl10aWT,
p53Y234C pl1100OE, and p53Y234C pl110aMUT was assessed following 5 days of treatment with
increasing concentrations of crizotinib (0-2.5 pM). Results for the control cell lines —
pS30E pl110aWT, pS30E pl110aOE, and p530E_pl110aMUT — are also shown in each graph (a-c).
Percentage growth was calculated relative to untreated controls. Drug concentrations (nM) were logio
scaled and plotted against percentage cell growth. Error bars indicate the SD of biological replicate
experiments (n = 3). (d) ICso values (uM) for the panel of TP53/PIK3CA-altered MCF10A cell lines
treated with crizotinib.

5.3.5. Alpelisib plus crizotinib combination sensitivity in 7TP53/PIK3CA-
altered MCF10A cell lines

Response to the combination of alpelisib plus crizotinib was assessed across the panel of
TP53/PIK3CA-altered MCF10A cell lines. Given the antiproliferative effects of this
combination on TNBC cell lines observed in our study (see Figures 4-5 to 4-7, Chapter 4), we
hypothesised that alpelisib plus crizotinib would enhance the antiproliferative effect relative to
either drug alone, with the strongest synergy expected in the 7P53/PIK3CA co-mutant
MCF10A cell lines.
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Each of the cell lines exhibited increased sensitivity to the combination relative to either single
drug alone, as evidenced by the ICso values in Figure 5-9(d). The general trend of response to
the alpelisib plus crizotinib combination upon transduction with a PIK3CA mutation was a

reduction in sensitivity, as evidenced by increasing ICso values in Figure 5-9(d).

Transduction with PIK3CA-WT had little to no impact on response to the combination
compared to non-PIK3CA-transduced cells in the pS3R273C and p53R248Q cells. In contrast,
PIK3CA-WT transduction reduced sensitivity to the combination in the pS30E and p53Y234C
cells, similar to the effect observed with PIK3CA-MUT.

As 50% cell growth inhibition was not attained in the majority of cell lines upon single-agent
alpelisib treatment (see Figure 5-7(d)), CI values could only be calculated for
pS3R273C pl10aWT, p53R273C pl110aOE, p53R248Q pl10aWT, and
pS53R248Q pl110aOE cell lines (see Figure 5-9(d)). Across these lines, the combination
exhibited general synergy, with slightly enhanced synergy observed in the
pS3R273C pl110aOE relative to the p5S3R273C pl110aWT cell line.

In retrospect, the use of a higher alpelisib concentration range may have enabled more robust
estimation of ICso values and corresponding CI calculations across a greater proportion of cell
lines. However, at the time of experimental design, we did not anticipate that introduction of
PIK3CA alterations would reduce sensitivity in certain 7P53 backgrounds. In addition, for the
least sensitive cell lines (p53Y234C and p530E), ICso values approached or exceeded 5 uM,
which is close to the reported clinical Cmax (5.62 pM). Consequently, extending the
concentration range substantially beyond this level would have provided limited additional
clinically relevant information, as such exposures are unlikely to be achieved in patients.
Furthermore, maintaining a single concentration range across all models was necessary to avoid
excessively high dosing that would have resulted in near-complete growth inhibition in the

more sensitive cell lines, limiting the ability to assess differential responses and potential

synergy.
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Figure 5-9: Antiproliferative effects of alpelisib plus crizotinib on 7P53/PIK3CA-altered MCF10A
cell lines. The proliferation of (a) p53R273C pl10aWT, p53R273C pl10aOE,
p53R273C pl110aMUT, (b) p53R248Q pl110aWT, p53R248Q pl110aOE, p53R248Q pl110aMUT,
(¢) p53Y234C pl10aWT, p53Y234C pl110aOE, and p53Y234C p110aMUT was assessed following
5 days of treatment with increasing concentrations of alpelisib plus crizotinib (0-2.5 uM; drug ratio =
1:1). Results for the control cell lines — pS30E_p110aWT, pS30E_pl110aOE, and pS30E_p110aMUT
— are also shown in each graph (a-c). Percentage growth was calculated relative to untreated controls.
Drug concentrations (nM) were logio scaled and plotted against percentage cell growth. Error bars
indicate the SD of biological replicate experiments (n = 3). (d) ICso values (uM) and CI values (uM;
EDso, ED75, EDgg) for the panel of TP53/PIK3CA-altered MCF10A cell lines treated with alpelisib plus
crizotinib.

Overall, the combination of alpelisib plus crizotinib exhibited enhanced antiproliferative
effects across all TP53/PIK3CA-altered MCF10A cell lines relative to either single agent.
Introduction of a PIK3CA mutation reduced sensitivity to the combination compared to cells
harbouring only 7P53 alterations (either mutant or overexpressed). The effects of PIK3CA-WT
overexpression were dependent on 7P53 background. In the DNA-contact mutants (pS3R273C
and p53R248Q), which were initially classified as alpelisib-sensitive, PIK3CA-WT
overexpression produced little change in overall response; however, synergy appeared slightly
greater in pS3R273C, potentially reflecting more effective PIK3CA overexpression in this line,
as suggested by Western blot analysis. In contrast, both the structural mutant p53Y234C and

the p5S30E control, which were initially classified as alpelisib-resistant, showed reduced
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sensitivity to the combination following PIK3CA-WT overexpression, similar to the effect

observed with the PIK3CA-MUT.

Notably, in both the pS30E and p53Y234C backgrounds — which were classified as alpelisib-
resistant —, both PIK3CA mutation and PIK3CA-WT overexpression reduced sensitivity to
crizotinib alone; however, this reduction was partially mitigated in the combination setting,

where lower ICso values were observed relative to either single agent.

Together, these findings indicate that the antiproliferative response to alpelisib plus crizotinib
is modulated by both 7P53 mutation context and PIK3CA status, suggesting that the functional

interplay between 7P53 and PI3K pathway alterations influences combination efficacy.
5.3.6. Summary

In summary, this section employed a genetically controlled MCF10A model to dissect the
isolated contributions of 7P53 alterations — alone and in combination with PIK3CA alterations
— on sensitivity to alpelisib, crizotinib, and their dual inhibition, building on observations from

TNBC cell lines in Chapter 4 and extending findings reported by Crossman et al. (686).

Antiproliferative assessment of the TP53-altered MCF10A panel revealed mutation-specific
effects on alpelisib response, with DNA contact mutants (e.g. R248Q, R273C) generally
conferring greater sensitivity than structural mutants (e.g. Y234C, HI79R), though outliers
such as G245S highlighted intragroup heterogeneity. This supports the hypothesis that 7P53

mutations can impact PI3K/AKT signalling, but in a variant-dependent manner.

Successful transduction with PIK3CA-H1047R (p110aMUT) or PIK3CA-WT (p110aOE) was
confirmed via elevated protein expression (except in the p53R248Q pl110aOE cell line),
enabling assessment in selected 7P53 backgrounds (alpelisib-sensitive DNA contact mutants
R273C and R248Q); alpelisib-resistant structural mutant Y234C; and p5S3OE control). Contrary
to expectations, introduction of a PIK3CA mutation reduced alpelisib sensitivity in originally
sensitive 7P53-MUT cell lines. PIK3CA-WT overexpression had negligible impact, suggesting
that oncogenic mutation, rather than overexpression alone, is required to meaningfully alter

pathway output.

The alpelisib-crizotinib combination enhanced antiproliferative effects across all lines
compared to monotherapy, consistent with synergistic dual pathway inhibition hypothesised
from Chapter 4. However, PIK3CA mutations diminished overall sensitivity relative to 7P53-

altered-only cell lines, while the effects of PIK3CA-WT overexpression varied by 7P53 type —
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minimal in alpelisib-sensitive DNA contact mutants but more pronounced in alpelisib-resistant

backgrounds. Synergy was calculable in select lines, showing moderate to strong interactions.

Interestingly, in both the pS30E and Y234C cell lines — classified as alpelisib-resistant —
PIK3CA mutation or overexpression reduced crizotinib sensitivity. Notably, this reduced
sensitivity was partially overcome in the combination setting, with lower 1Cso values observed
for alpelisib plus crizotinib compared with either single agent, indicating that dual inhibition

can mitigate PIK3CA-driven resistance in these backgrounds.

Collectively, despite enhancing therapeutic response relative to single agents, the alpelisib—
crizotinib combination was less effective in the TP53/PIK3CA co-mutant context compared to
single-mutant models. This contrasts with findings in Chapter 4, where the combination
demonstrated synergy in 7TP53/PIK3CA co-mutant TNBC cell lines, and may reflect
differences in genetic context and the non-tumorigenic nature of the MCF10A model. These
results underscore mutation- and context-specific nuances that should inform personalised
therapeutic strategies in PIK3CA-MUT TNBC, where 7P53 variant classification (e.g. DNA
contact versus structural) could help predict response to PI3K-targeted and combination

therapies.
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6.Discussion
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6.1. Introduction

TNBC remains one of the most aggressive and therapeutically challenging BC subtypes,
representing approximately 10-15% of cases but contributing disproportionately to BC-related
morbidity and mortality (406). Its clinical management is complicated by rapid progression,
high recurrence rates, and limited targeted treatment options (98). Despite the introduction of
new targeted therapies, standard treatment continues to rely predominantly on cytotoxic
chemotherapy and ICIs, with only modest improvements in patient outcomes (688). ADCs,
such as sacituzumab govitecan and T-DXd, provide a degree of molecular precision (689).
However, their use is guided by antigen expression (TROP2 or HER?2) rather than specific
genomic alterations. The absence of targeted therapies directly addressing the most common
TNBC genomic alterations underscores a critical need for variant-driven precision strategies

capable of improving long-term outcomes.

TP53 mutation is the defining genomic feature of TNBC, occurring in approximately 80% of
cases and contributing substantially to genomic instability, impaired DNA damage responses,
and aggressive tumour behaviour (228,690). In parallel, aberrant activation of the
PI3BK/AKT/mTOR pathway represents one of the most common oncogenic signalling events
in BC and can arise through multiple mechanisms, including P/IK3CA mutation, AKTI
activation, and PTEN loss (560). These alterations are biologically complementary. Under
normal conditions, WT p53 constrains PI3K signalling through the transcriptional regulation
of negative pathway regulators. Conversely, hyperactivation of the PI3K pathway overrides
this suppression, ultimately promoting cellular proliferation, survival, metabolic adaptation,
and therapeutic resistance (561,592). Consequently, concurrent 7P53 dysfunction and PI3K
pathway activation may establish a particularly aggressive tumour state characterised by
unchecked oncogenic signalling and impaired tumour suppressive control (686,691).
Importantly, co-occurrence of 7P53 mutation and PI3K pathway-activating alterations is not
rare in TNBC, observed in approximately 20% of cases across both the METABRIC and
TCGA cohorts (568,571). This represents a substantial proportion of 7P53-MUT TNBCs and

defines a clinically relevant subgroup in which two major oncogenic axes converge.

Targeted inhibition of PI3K using isoform-specific agents such as alpelisib has demonstrated
clinical efficacy in PIK3CA-mutant, HR-positive BC; however, adaptive resistance remains a
major limitation to durable response (692). In TNBC, this challenge is further compounded by

the high prevalence of 7P53 mutations, which may modulate cellular responses to PI3K
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pathway inhibition through impaired apoptotic signalling and altered stress-response
checkpoints (693,694). Loss of p53 function removes a key mediator of DNA damage-induced
apoptosis and cell cycle arrest, potentially enabling tumour cells to better tolerate oncogenic
stress that is induced by pathway-targeted therapies (695—-697). In this context, PI3K pathway
inhibition alone may be insufficient to induce sustained therapeutic responses in 7P53-MUT,

PI3K-activated TNBC.

This study was guided by four interrelated hypotheses. First, TP53-PI3K** TNBC is a distinct,
high-risk subgroup that drives tumour aggressiveness and poor patient outcomes. This clinical
profile exists independently of established TNBC subtypes. Second, PI3K inhibitors show
limited efficacy in TNBC due to resistance driven by 7P53 dysfunction; necessitating the use
of combinatorial treatment strategies that target complementary pathways. Third, that distinct
classes of 7P53 mutations differentially influence downstream signalling and therapeutic
response, resulting in variable sensitivity to PI3K/AKT inhibition. Finally, while PIK3CA-
MUT tumours are sensitive to PI3K inhibitors, co-occurring 7P53 mutations drive resistance
by boosting survival signals and blocking cell death. However, combination therapies can
partially overcome this resistance. Multi-omic profiling across patient cohorts, TNBC cell
lines, and isogenic models was employed to test these hypotheses and validate mutation-

specific vulnerabilities.
6.2. TP53-PI3K** defines a high-risk state in TNBC

Concurrent alterations in 7P53 and the PI3K pathway have been consistently associated with
adverse outcomes across multiple tumour types, including BC. Studies focusing on
TP53/PIK3CA co-mutation have demonstrated significantly poorer survival compared with
tumours harbouring either alteration alone, supporting a model in which loss of p53 tumour
suppressor function cooperates with PI3K-driven oncogenic signalling to promote more

aggressive disease biology (592,698).

In BC specifically, Lin ef al. reported that 7P53/PIK3CA co-mutant tumours exhibit adverse
clinicopathological features, including higher grade, more advanced stage, and enrichment in
HR-negative and HER2-positive disease in a cohort from Guangdong Provincial People’s
Hospital (GDPH). Consistent findings from the METABRIC cohort further showed that dual
TP53/PIK3CA mutations are independently associated with worse OS and RFS, reinforcing the
concept of a synergistically adverse prognostic interaction. However, these analyses were

limited to PIK3CA mutations alone and did not evaluate TNBC specifically. In addition, they
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did not capture the broader spectrum of PI3K pathway dysregulation, which extends beyond
PIK3CA mutations to include multiple activating and LOF events across the pathway (592).

More recently, Zwimpfer et al. expanded the definition of PI3K/AKT pathway alteration using
METABRIC and MSK cohorts by incorporating gene amplifications (4K71, AKT2, AKT3,
PIK3CA, rapamycin-insensitive companion of mTOR (RICTOR)) and PTEN mutations. They
demonstrated that combined 7P53 mutation and PI3K/AKT pathway alteration was associated
with the worst OS across BC as a whole, with adverse effects persisting across molecular
subtypes, including TNBC. However, the study did not specifically interrogate survival within
TNBC as a primary focus, nor did it formally test whether PI3K/AKT alterations confer
additional risk on top of a TP53-MUT background within this subgroup. Instead, the co-altered
group was primarily compared against a 7P53-WT/PI3K pathway-unaltered reference cohort,
which limits interpretation of whether PI3K/AKT activation adds incremental prognostic
information once 7P53 mutation is already present (594). This is particularly relevant given
the near-ubiquity of 7P53 mutations in TNBC (699), which reduces its discriminatory power
as a standalone stratifier and underscores the need for more refined, within-7P53-MUT risk

stratification.

Methodologically, the Zwimpfer definition of PI3K activation — restricted to amplifications
and PTEN mutations — may also underestimate clinically relevant pathway activation (594).
There is substantial evidence that activating mutations in PIK3CA and AKT genes, as well as
PTEN loss (including deletions), are key drivers of PI3K pathway hyperactivation (700,701)
and are directly relevant to the mechanism of action of approved PI3K/AKT inhibitors (702).
The exclusion of these mutation classes therefore represents a limitation in capturing the full

biological and therapeutic landscape of PI3K signalling dysregulation.

In contrast, our study defined PI3K pathway activation using a mutation- and LOF-centric
framework, incorporating activating mutations in PIK3CA and AKTI, as well as PTEN
deletions, rather than relying on gene amplifications alone. This approach captures canonical
drivers of PI3K pathway hyperactivation that are most directly aligned with established
mechanisms of pathway signalling and therapeutic targeting. We also applied a stepwise
analytical framework, sequentially assessing whether progressively expanded definitions of
PI3K pathway activation either maintained or further exacerbated the adverse survival

associated with the 7P53/PIK3CA mutation. This approach allowed us to systematically define

196



a TP53-PI3K** subset as a reproducible high-risk TNBC population, with direct relevance to
PI3K-targeted therapeutic strategies.

Additionally, our study specifically evaluated the prognostic impact of PI3K pathway
activation in a 7P53-MUT background. In both the METABRIC and TCGA cohorts, TNBC
patients with dual PI3K-activating and 7P53 alterations experienced significantly worse
survival than those with 7P53 mutations alone or neither alterations. This effect was robust and
reproducible across independent datasets, supporting the conclusion that PI3K pathway
activation provides additional prognostic stratification within an already high-risk 7P53-MUT
TNBC population. Importantly, the adverse prognostic effect is not attributable to enrichment
of a single clinical feature or TNBC subtype, indicating that 7P53-PI3K*" represents an
independent risk state rather than a surrogate for conventional -clinicopathological

stratification.

From a genomic perspective, no additional recurrent somatic mutations, structural variants, or
CNAs were consistently enriched in the 7P53-PI3K** cohort, indicating that the high-risk
phenotype is not driven by a distinct secondary genomic driver. Moreover, our study
demonstrates that 7P53 mutations and PI3K** alterations largely arise independently in TNBC.
In contrast, Zwimpfer et al. reported a statistically significant interaction between 7P53
mutations and PI3K/AKT pathway alterations; however, their analysis was conducted at a pan-
BC level and did not specifically assess interaction effects within TNBC (594). In the context
of our TNBC-focused analysis, the absence of a significant interaction may reflect reduced
variability in 7P53 status rather than a lack of biological cooperation between these pathways.
In addition, differences in the definition of PI3K pathway activation may further contribute to

discrepancies between studies.

Clinically, TP53-PI3K** tumours showed a distinct and more aggressive phenotype across both
cohorts. Patients presented at an older age with higher rates of post-menopausal status,
resembling PI3K*-only disease more than 7P53-only tumours (see Figure 3-3). This
observation is consistent with findings from Lin et al., who reported that patients with
TP53/PIK3CA co-mutant BC in the GDPH cohort were significantly more likely to be
diagnosed at an older age and to be post-menopausal compared with those harbouring 7P53
mutations alone (592). While their analysis was performed across BC as a whole and was
enriched for HER2-positive disease, our findings demonstrate that this association persists

within TNBC when PI3K pathway activation is defined more broadly.

197



This pattern is consistent with the evolutionary architecture described in TNBC, in which 7P53
mutations are highly prevalent and typically occur as early, clonal events that establish a
background of genomic instability and enable subsequent clonal diversification. In contrast,
PI3K signalling pathway alterations are less ubiquitous and are enriched in specific
transcriptional subtypes such as LAR and apocrine tumours, where they appear to function
more as lineage- or branch-defining events that shape tumour phenotype and fitness rather than
initiating genomic instability (703). Accordingly, 7P53-PI3K* tumours may reflect
evolutionary convergence of an early instability-driven clone with later or parallel acquisition
of PI3K pathway activation, resulting in a biologically distinct disease state that combines early

genomic permissiveness with growth and survival pathway dependency.

Importantly, 7P53-PI3K*' tumours also exhibited higher rates of mastectomy and a greater
proportion of disease-specific deaths compared with tumours harbouring either 7P53 or PI3K**
alterations alone, indicating a more aggressive clinical course and consistent with their worse
survival. This is supported by findings from Croessmann et al. (as introduced in Chapter 5),
who demonstrated in an isogenic MCFI10A model that co-occurring 7P53 and PIK3CA
alterations cooperate to enhance transformed phenotypes and increase genomic instability and

tumour heterogeneity compared with either alteration alone (686).

We observed increased hypoxia in TP53-PI3K**! tumours compared with 7P53-only disease,
but levels were similar to PI3K*"-only tumours, indicating that the hypoxic phenotype is
primarily PI3K-associated rather than specific to the co-altered state. Notably, 7P53-only
tumours did show increased hypoxia relative to non-altered TNBC. However, this effect
appears modest compared with PI3K-driven hypoxic adaptation. This is consistent with
evidence that PI3K/AKT/mTOR signalling promotes a hypoxia-adapted programme through
HIF-1a stabilisation and enhanced translational capacity, driving angiogenesis, glycolytic
reprogramming, and survival under low oxygen conditions (704). In contrast, 7P53 functions
more as a modulator of hypoxic stress responses, regulating HIF-1 signalling and downstream
survival or apoptotic outcomes in a context-dependent manner (705). In this co-altered context,
PI3K pathway activation likely represents the dominant driver of hypoxia-associated
transcriptional programmes, while 7P53 mutation removes a key regulatory checkpoint that
would otherwise constrain hypoxia-induced survival and metabolic rewiring. The convergence
of these alterations does not substantially increase hypoxia levels beyond PI3K-driven effects
but is likely to amplify the biological consequences of hypoxia, promoting metabolic

flexibility, hypoxia tolerance, and reduced apoptotic responsiveness (705,706). This may
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contribute to the aggressive and therapeutically resistant phenotype observed in 7P53-PI3K**
TNBC.

Across multiple molecular classification frameworks, 7P53-PI3K*' tumours display a
consistent shift away from a canonical basal-like TNBC phenotype towards a more receptor-
and signalling-enriched state. Specifically, these tumours show reduced representation of
basal-associated integrative Cluster 10. While cluster 10 is associated with early poor
outcomes, its longer-term prognosis is more favourable, indicating a time-dependent risk
pattern (598). This suggests TP53-PI3K** disease is not merely a “basal-extreme” state, but a
distinct biological phenotype with a different risk trajectory. This is supported by subtype-level
analyses, where 7TP53-PI3K*' tumours show reduced PAMS50 basal-like classification,
alongside increased HER2-enriched calls. In parallel, SNP6 data demonstrate higher rates of
HER2 gene CN gain, suggesting coordinated shifts in both transcriptional state and CN
architecture towards a more receptor-signalling-driven biology (707). Notably, these tumours
remain clinically HER2-negative by standard diagnostic criteria, indicating that HER2-
enriched transcriptional states and low-level ERBB2 CN increases can occur in the absence of
overt HER2 amplification. This may reflect biology analogous to emerging HER2-low TNBC
states, in which clinically HER2-negative tumours nevertheless demonstrate increased HER2
pathway activity, enrichment for non-basal phenotypes, and frequent PI3K pathway alteration

(708).

In a study of TNBC cohorts (Life After Cancer Epidemiology and Pathways patient
populations), Gulbahce et al. demonstrated that older patients with clinically defined TNBC
show a clear shift in intrinsic biology, with a lower proportion of PAMS50 basal-like tumours,
reduced expression of proliferation-associated gene signatures, and higher ERBB2 expression
despite clinical HER2-negativity (709). This provides an important parallel to our findings in
TP53-PI3K* disease. While Gulbahce et al. described an age-associated transition towards a
less basal and more HER2-associated TNBC phenotype, the molecular drivers underlying this
shift remained unclear. Our findings raise the possibility that PI3K pathway activation in a
TP53-MUT background may represent one genomic mechanism contributing to this biological
transition. The enrichment of 7P53-PI3K*' tumours among older and post-menopausal
patients, together with their reduced basal-like identity and increased HER2-associated
transcriptional features, suggests that this co-altered state may define a subset of TNBC

responsible for some of the age-related heterogeneity observed within the disease.
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Within TNBC-specific transcriptional classifications, a transition away from BL1-dominant
biology (seen in 7P53-only disease) towards relative enrichment of BL2- and LAR-like
features in 7P53-PI3K*' tumours was observed (see Figure 3-4). Characterised by elevated
metabolic activity and enhanced growth factor/RTK signalling (710), the BL2 subtype
represents a receptor-driven state primed by concurrent 7P53 loss and PI3K pathway
activation. BL2 enrichment is much stronger in 7P53-deficient/PI3K-activated tumours than
in those with PI3K activation alone, which instead favour LAR features. This suggests that
TP53 loss allows PI3K signalling to drive a wider variety of growth factor-responsive states.
This is consistent with evidence that 7P53 loss is associated with altered growth factor and
RTK signalling dependencies (561). Despite these TNBC subtype shifts, survival associations
remain independent of TNBC subtype, and 7P53-PI3K** tumours are distributed across all

Lehmann/Burstein categories.

Unlike the Lehmann and Burstein TNBC classifications, which define tumours according to
dominant transcriptional lineage and phenotypic programmes (117,584,626), TP53-PI3K**
represents a genomically and functionally unique oncogenic state driven by convergent 7P53
dysfunction and PI3K pathway activation. The distribution of 7P53-PI3K** tumours across
diverse TNBC transcriptional subtypes indicates that this co-altered state operates
independently of intrinsic identity, representing a distinct biological layer that co-exists with
current molecular classifications. Consequently, 7P53-PI3K?**" may capture clinically relevant
tumour biology and therapeutic dependencies not fully resolved by transcriptomic subtype
classification alone, supporting the integration of genomic co-alteration states with existing

TNBC subtype frameworks for improved biological stratification.

Our transcriptional analyses further support the concept that 7P53-PI3K*' TNBC is
characterised by substantial metabolic reprogramming. Across both METABRIC and TCGA
cohorts, pathway-level analyses identified increased activity of pathways involved in
xenobiotic metabolism, lipid and steroid metabolism, drug metabolism, and phase II
conjugation (see Figure 3-7). While metabolic enrichment was more robust in METABRIC,
many pathways retained nominal significance in TCGA, sharing significant leading-edge gene
overlap. This indicates that despite differing enrichment magnitudes, the core genes driving
these metabolic programs are conserved, reflecting reproducible biology rather than a cohort-

specific artefact.
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Importantly, ssGSEA demonstrated that this metabolic phenotype was reproducibly elevated
in TP53-PI3K* tumours relative to 7P53-only disease across both cohorts (see Table 3-8).
However, metabolic activity was not significantly different between 7P53-PI3K**" and PI3K*'-
only tumours. This is consistent with the central role of PI3K signalling in coordinating cancer
metabolic reprogramming and supports the broader hypoxia-associated and HIF-linked
transcriptional programme described previously (711). Together, these findings suggest that
the metabolic phenotype observed in TP53-PI3K** tumours reflects PI3K pathway activation,
with 7P53 loss likely acting to modulate downstream cellular stress responses rather than

directly driving metabolic output.

The DEAs further support this metabolically reprogrammed phenotype, particularly within the
METABRIC cohort (see Figure 3-5). Several of the most highly expressed genes in 7P53-
PI3K**' tumours, including chloride channel accessory 2 (CLCA2), homogentisate 1,2-
dioxygenase (HGD), receptor accessory protein 6 (REEP6), SAM pointed domain containing
ETS transcription factor (SPDEF), ATP-binding cassette subfamily C member 11 (ABCC11),
serine peptidase inhibitor kazal type 8 (SPINKS), and carnitine O-acetyltransferase (CRAT),
overlap with a previously described TNBC co-expression module associated with the MC3
metabolic subtype identified by Zhou et al.. In that study, the MC3 subtype was characterised
by coordinated upregulation of metabolic and transport-related genes and was associated with
poorer prognosis, consistent with the adverse clinical outcomes observed in 7P53-PI3K**
tumours in our study (607). Many of these genes have putative roles in metabolic adaptation
or secretory and transport processes that may support tumour fitness. For example, CRAT
regulates mitochondrial fatty acid metabolism (712), ABCC11 is involved in ATP-dependent
transport of metabolites and xenobiotics (713), and HGD participates in tyrosine catabolism
(714). The enrichment of this MC3-associated transcriptional programme therefore suggests
that 7P53-PI3K®*' tumours adopt a metabolically adaptive state that may support survival under

stress conditions and contribute to aggressive tumour behaviour.

In addition to metabolic rewiring, 7P53-PI3K* tumours also demonstrated altered immune-
associated transcriptional programmes. Immune-related enrichment was prominent in the
TCGA cohort, where TP53-PI3K®**' tumours exhibited elevated activity in pathways linked to
innate immune signalling, antimicrobial peptide responses, and neutrophil degranulation
(Figure 3-7). ssGSEA subsequently demonstrated significantly increased immune pathway
activity in METABRIC TP53-PI3K* tumours relative to both 7P53-only and PI3K**'-only

disease, indicating that immune-associated activation is reproducible across cohorts (see Figure
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3-8). Notably, these immune signatures exhibited strong directional concordance and shared
leading-edge genes across datasets, demonstrating that these processes reflect a genuine

underlying biology rather than cohort-specific artefacts.

These findings characterise the 7P53-PI3K*' immune microenvironment as predominantly
innate and inflammatory, suggesting a failure to mount an effective adaptive anti-tumour
immune response (715). Increased neutrophil degranulation signalling may reflect recruitment
or activation of myeloid-lineage immune cells, which are known to promote tumour
progression, metastasis, and immune suppression in TNBC (716). This inflammatory
phenotype may arise through combined effects of 7P53 dysfunction and PI3K pathway
activation, as 7P53 loss promotes inflammatory signalling, immune evasion, and genomic
instability (717), while PI3K/AKT signalling further modulates cytokine production and
immune-cell recruitment within the TME (718,719). Consistent with this, a recent pan-cancer
analysis demonstrated that 7P53-MUT tumours are associated with broad modulation of the
tumour immune microenvironment and enrichment of immune dysfunction signatures driven
by hypoxia-linked metabolic reprogramming (706). The higher expression of S100 calcium
binding protein A8 and A9 (S10048 and S10049) across both cohorts further supports this
interpretation (see Figure 3-6). These inflammatory mediators are associated with myeloid
inflammation, neutrophil recruitment, and immunosuppressive signalling in BC, and have been
linked to metastasis and therapeutic resistance (720). Together, these findings suggest that
TP53-PI3K*' tumours are characterised by a chronic inflammatory state that may support
tumour survival and treatment resistance rather than productive anti-tumour immunity. This is
particularly relevant given emerging evidence that PI3K pathway activation contributes to

immune evasion and altered immunotherapy responses in TNBC (721,567,722,723).

In contrast to the metabolic signatures, cell cycle pathways displayed context-dependent
variation across cohorts. In METABRIC, TP53-PI3K**' tumours were characterised by the
significant suppression of cell cycle hallmarks, such as E2F targets, G2/M checkpoint
regulation, and mitotic progression (see Figure 3-7). This observation is consistent with the
broader transcriptional departure from a BLI1-dominant phenotype, which is classically
hallmarked by robust proliferative activity and the upregulation of cell cycle and DNA
replication machinery (626). In TCGA, however, cell cycle-related pathways showed apparent
enrichment in 7P53-PI3K?®' tumours at the GSEA level, despite a concurrent shift in TNBC
subtype composition away from BL1 and towards BL2 enrichment. This variance may relate

to distinct classification methodologies. Unlike clinically derived cohorts based on

202



ER/PR/HER?2 status, the TCGA TNBC cohort relies on PAMS5O0 basal-like stratification, which
could inherently influence the baseline proliferative and cell cycle profiles observed (724).
Importantly, this apparent enrichment in TCGA was not significant at the ssGSEA level, in
contrast to METABRIC where cell cycle pathways were significantly depleted. This suggests
that the TCGA signal may reflect relative ranking effects within the cohort rather than a robust

change in absolute pathway activity across tumours.

Notably, while cell cycle activity was diminished compared to 7P53-only tumours in
METABRIC, the TP53-PI3K** cohort still displayed significantly elevated cell cycle ssGSEA
scores relative to PI3K**-only TNBC, with additional pathways trending toward significance
(see Table 3-8). This suggests that TP53-PI3K**' tumours maintain an intermediate proliferative
state, retaining greater cell cycle activity than PI3K**'-only tumours while remaining lower than

TP53-driven proliferative programmes.

Similarly to the cell cycle programmes, keratinisation-related pathways showed a discordant
pattern in 7P53-PI3K** TNBC across cohorts, with depletion in METABRIC but apparent
enrichment in TCGA (see Figure 3-7). However, there was limited leading-edge gene overlap
suggesting the signals are driven by different gene subsets. In TNBC, keratinisation signatures
are closely linked to basal differentiation, and may therefore vary depending on the distribution

of underlying transcriptional subtypes (725).
6.2.1. Conclusion

Overall, TP53-PI3K*" defines a reproducible, cross-subtype high-risk state in TNBC arising
from the convergence of 7P53 loss and PI3K pathway activation. Across two independent
cohorts, it is consistently associated with poorer outcomes independent of clinicopathological
factors and intrinsic subtype, indicating a biological risk state not captured by existing
classification systems. Molecularly, these tumours are characterised by metabolic
reprogramming and hypoxia signalling, sustained proliferative capacity in a 7P53-deficient
context, and a distinct inflammatory phenotype with increased innate immune activity relative
to both 7P53-only and PI3K*-only disease. In parallel, they show consistent enrichment of
BL2 transcriptional features, reflecting a shift towards growth factor- and receptor-driven
biology. Together, these features define a coherent convergence phenotype in which PI3K
activation, 7P53 loss, and immune remodelling integrate to drive the aggressive clinical

behaviour of this TNBC subset.

203



6.2.2. Limitations and future work

A key limitation of this study relates to survival analyses, particularly within TCGA, where
follow-up time and clinical annotation are more limited compared with METABRIC (726).
This reduces statistical power for long-term outcome assessment and may limit the sensitivity
to detect more nuanced survival differences within stratified subgroups. In contrast,
METABRIC provides more mature survival data, enabling more robust validation of the high-
risk nature of TP53-PI3K*t disease. As such, survival associations in TCGA should be

interpreted with appropriate caution and considered supportive rather than definitive.

Although analysis across two independent cohorts (METABRIC and TCGA) strengthens the
robustness of the TP53-PI3K**' phenotype, differences in cohort composition and TNBC
definition likely influenced specific transcriptional and pathway-level outputs. TCGA defines
TNBC using PAMS50 basal-like status, whereas METABRIC relies on clinical ER/PR/HER2
annotation, resulting in differences in baseline tumour composition and molecular subtype
distribution. These factors may partially explain cohort-specific discrepancies observed in cell
cycle and keratinisation-related pathways, despite overall concordance in core biological

signals.

A further limitation relates to cohort composition and underlying biology of PI3K pathway
activation. The 7TP53-PI3K*' subgroup was not biologically uniform across datasets:
METABRIC was enriched for PIK3CA-mutant-driven PI3K activation, whereas TCGA was
more heavily weighted towards PTEN-loss-driven cases. This distinction is important, as PTEN
loss and PIK3CA activating mutations are known to exert both overlapping and distinct effects
on PI3K pathway output and downstream signalling networks, despite converging on PIP3
accumulation. Prior experimental work has demonstrated that PTEN-deficient and PIK3CA-
mutant tumours can exhibit differential activation of downstream signalling nodes, including
divergence in RTK feedback (e.g. EGFR signalling enrichment in PIK3CA-driven models) and
differences in pathway wiring and transcriptional output, despite broadly similar PI3K pathway
induction (727). In this context, our findings likely reflect an integrated but compositionally
heterogeneous PI3K-activated state rather than a single unified genetic driver, and future work
should explicitly stratify TP53-PI3K** tumours by the specific mechanism of PI3K activation
to determine whether PIK3CA-mutant and PT7TEN-loss-driven disease exhibit distinct

therapeutic vulnerabilities.

204



A related limitation is the operational definition of PI3K/AKT pathway activation used in this
study. While our approach captured canonical activating mutations in PIK3CA and AKTI
alongside LOF PTEN alterations, it did not include the full spectrum of PI3K/AKT events
described in broader Zwimpfer et al. pan-BC framework (e.g. AK72 and RICTOR
amplification) (594). Consequently, our PI3K-activated subgroup reflects a biologically
focused but non-exhaustive representation of pathway dysregulation. This targeted approach
prioritised well-established functional and therapeutic alterations but may limit direct
comparability with broader classification schemes. Future studies should evaluate further
expanded definitions of PI3K/AKT activation in TNBC to determine whether distinct genomic

classes confer different prognostic or therapeutic implications.

While this study provides evidence of a reproducible immune-associated transcriptional
phenotype in TP53-PI3K*! tumours, these findings are based on bulk transcriptomic data and
do not allow definitive attribution of immune activity to specific cellular compartments. The
observed enrichment of innate inflammatory signatures, including neutrophil-associated and
myeloid-linked pathways, requires further validation using computational immune
deconvolution methods such as CIBERSORT (728), alongside spatial profiling or flow
cytometry-based immune cell quantification, to more precisely define the composition and
functional state of the tumour immune microenvironment in 7P53-PI3K?** TNBC (729). This
will be essential to determine whether the inflammatory programme reflects immune exclusion,

myeloid-driven immunosuppression, or a broader tumour-intrinsic inflammatory state.

An additional limitation is the restricted proteomic coverage available for TCGA and the
absence of equivalent proteomic data for METABRIC. Within TCGA, only a limited subset of
proteins showed significant differential expression, with many of the observed changes
reflecting canonical PI3K pathway activation rather than revealing additional independent
biology. Moreover, the very small number of PI3K?*'-only samples at the proteomic level (n=4)
substantially limited statistical power, preventing robust comparison between 7P53-PI3K**
and PI3K**"-only tumours at the protein level and constraining conclusions regarding whether

proteomic differences exist between these groups.

Despite these limitations, the consistent signal across independent cohorts and multi-omic
analyses supports TP53-PI3K*' as a robust high-risk state in TNBC and a biologically

meaningful framework for therapeutic targeting.
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6.3. Therapeutic implications of 7P53 mutations and combination

strategies in TP53/PIK3CA co-mutant TNBC

The identification of TP53-PI3K*' as a clinically aggressive TNBC subgroup supports
therapeutic targeting of the PI3K pathway in this setting. Activating PIK3CA mutations occur
in approximately 10-15% of TNBCs (239), driving constitutive PI3K/AKT/mTOR signalling.
Consequently, inhibition of PI3Ka using alpelisib represents a biologically rational therapeutic

strategy for this subgroup.

However, clinical translation of PI3K inhibition in TNBC has thus far produced only modest
benefit. The phase III EPIK-B3 trial evaluating alpelisib in combination with nab-paclitaxel in
advanced TNBC harbouring PIK3CA mutation or PTEN loss demonstrated only limited
improvement in PFS compared with chemotherapy alone (7.2 vs. 5.6 months, respectively),
despite biomarker selection. Although the study was ultimately terminated due to slow
enrolment rather than safety concerns, the relatively modest efficacy observed highlights the
challenge of achieving durable responses through PI3K pathway inhibition alone in TNBC
(247).

The findings of the present study suggest that concurrent 7P53 dysfunction may contribute to
this limited therapeutic efficacy. Loss of p53-mediated apoptotic and cell cycle checkpoint
control may enable tumour cells to better tolerate PI3K inhibition, reducing dependence on
PI3K signalling alone for survival and diminishing both the depth and durability of response.
This interpretation is supported by preclinical evidence across multiple tumour contexts,
indicating that 7P53 status can directly shape responsiveness to pathway-targeted therapies. In
colorectal cancer models, 7P53 mutations impair apoptotic responses to combined MEK and
PI3K/mTOR inhibition through failure to induce key downstream mediators such as p21 and
BAX, resulting in reduced therapeutic efficacy in 7P53-MUT compared with 7P53-WT
tumours (730). Similarly, CRISPR-engineered lung adenocarcinoma models with 7P53
deletion demonstrated altered sensitivity to multiple PI3K-pathway inhibitors and dysregulated
expression of PI3K isoform genes, suggesting that loss of p53 promotes adaptive rewiring of

PI3K signalling networks that may contribute to reduced inhibitor sensitivity (731).

Taken together, these mechanistic observations provide a coherent biological framework
linking 7P53 co-mutation to resistance against PI3K-targeted strategies. In the context of

TNBC, where TP53 alterations are highly prevalent, such co-mutations may therefore represent
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a key determinant of the limited responses observed in studies such as the phase III EPIK-B3
Trial evaluating alpelisib plus nab-paclitaxel, alongside other cooperating genomic alterations

that further reduce dependence on PI3K pathway signalling.

Chapter 4's single-agent proliferation assays across mutation-stratified TNBC cell lines (Figure
4-1) demonstrate genotype-dependent responses to alpelisib, with PIK3CA mutations
conferring sensitivity and 7P53 mutations promoting resistance. These TP53/PIK3CA co-
mutant cell lines were more resistant than cell lines harbouring a PIK3CA mutation only,
suggesting that 7P53 mutations drive this attenuated response. This pattern directly supports
our hypothesis that 7P53 mutations confer resistance to PI3K inhibition in PIK3CA-mutant
TNBC. TP53 mutations could also act as potential predictive biomarkers of resistance to PI3K
inhibition in PIK3CA-mutant in other cancers, including colorectal, in which these co-
mutations correlate with worse patient outcomes (691). In clinical trials like EPIK-B3, genomic
profiling for 7P53/PIK3CA co-mutations can pinpoint high-risk TNBC patients. Prioritising
these individuals for targeted combination regimens could reduce non-response rates and
improve overall outcomes. Given the resistance to alpelisib observed in 7P53/PIK3CA co-
mutant TNBC, targeting compensatory pathways offers a rational approach to overcome this

limitation.

The rationale for combining PI3K and RTK inhibition in this study is grounded in the broader
biological characteristics of the TP53-PI3K** high-risk TNBC cohort defined in Chapter 3.
Specifically, the transcriptomic analyses demonstrated a shift from a BL1-dominant phenotype
towards a BL2-like transcriptional state in 7P53-PI3K**' tumours, suggesting increased growth
factor and RTK signalling, consistent with the biology of BL2 TNBC. In parallel, RTK
signalling is a well-established feature of TNBC biology more broadly, with frequent
overexpression and activation of multiple RTKSs contributing to tumour proliferation, survival,
and metastatic potential (732). Within this context, 7P53 mutation may further enhance RTK
pathway dependence, as loss of p53-mediated regulatory control can contribute to dysregulated
RTK expression and sustained downstream signalling (561). In addition, RTK reactivation is
a recognised adaptive response to PI3K inhibition, whereby compensatory upregulation of
upstream receptor signalling can restore downstream pathway activity and limit therapeutic

durability (463,733).

TCGA analysis demonstrated that the key crizotinib targets MET, ALK, and ROSI are

significantly upregulated in basal-like BC compared with other molecular subtypes (see Figure
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4-2), reinforcing the enrichment of RTK signalling within TNBC and providing a
transcriptional basis for targeting this axis. Some evidence suggests that crizotinib may also
promote proteasomal degradation of missense mutant p53, potentially attenuating GOF effects
and sensitising 7P53-MUT tumours to apoptosis (734). Preclinical studies indicate that this
activity can restore chemotherapy sensitivity in p53-mutant cancers (735), although this
mechanism was not directly explored in this study. While crizotinib has been assessed in a
phase II clinical trial for TNBC (ClinicalTrials.gov Identifier: NCT03620643), recruitment was
terminated after preliminary results showed no response in the six TNBC patients enrolled
(643). This lack of response may be attributed to suboptimal stratification biomarkers in the
trial and/or inefficacy as a monotherapy, necessitating improved patient stratification and

combination therapy (736,737).

Consistent with these phase II trial findings, TNBC cell lines exhibited limited sensitivity to
crizotinib and other RTK inhibitors as single agents, with all ICso values exceeding clinically
achievable Cnax levels (see Figure 4-3), indicating monotherapy is unlikely to be effective.
Accordingly, we next assessed whether concurrent inhibition of RTK and PI3K signalling
using alpelisib in combination with crizotinib could overcome these limitations and enhance
therapeutic response. Proliferation assays revealed genotype-dependent synergies, with the
strongest effects in TP53/PIK3CA co-mutant models, supporting the hypothesis that dual

mutations amplify resistance to PI3K inhibition alone, necessitating RTK co-targeting.

Cell lines harbouring a 7P53 mutation alone (i.e. PIK3CA-WT) did not respond within the
therapeutic window (see Figure 4-5), indicating limited potential for clinical translatability of
the combination. In PIK3CA-mutant-only MDA-MB-453 cells, there was an apparent increase
in antiproliferative effect. However, formal analysis indicated that the combination was
antagonistic. CAL-51 cells demonstrated dose-dependent synergy within clinically relevant

concentrations, but the magnitude of growth inhibition remained modest.

In contrast, TP53/PIK3CA co-mutant models consistently exhibited synergistic interactions
across the full range of effective doses (Figure 4-7). This response pattern reinforces our
hypothesis: in TP53/PIK3CA co-mutant TNBC, alpelisib triggers RTK reactivation, which may
be exacerbated in 7P53-MUT cells due to the loss of p53-mediated regulation (561,738-740),
thereby sustaining survival signalling. Crizotinib’s multi-RTK blockade disrupts this feedback
(178), while its reported p53-degrading activity may further attenuate GOF effects (734,735),
restoring apoptotic sensitivity. The generally enhanced response in 7P53/PIK3CA co-mutant
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versus single-mutant cell lines underscores mutational synergy as a determinant of combination

benefit.

In TP53/PIK3CA co-mutant cells, alternative RTK combinations were mostly antagonistic or
ineffective: capmatinib reduced alpelisib’s antiproliferative activity, while ceritinib showed
slight antagonism. This highlights crizotinib’s multi-target advantage in overcoming RTK

compensation, which single-target inhibitors cannot achieve.

In TP53/PIK3CA co-mutant cells, the alpelisib-crizotinib combination uniquely induced
sustained apoptosis, whereas monotherapies were largely cytostatic. Alpelisib showed minimal

apoptotic effect, and crizotinib inhibited proliferation without inducing cell death.

RPPA and Western blot analyses confirmed that alpelisib monotherapy in 7P53/PIK3CA co-
mutant cells selectively suppressed PI3K/AKT signalling, including downstream targets such
as GSK-3a/B and ULKI1 (Ser757), which are associated with inhibition of survival,
proliferation, and autophagy pathways (741,742). Reduced MAPK (Thr202/Tyr204)
phosphorylation suggested PI3K-MAPK crosstalk (424,743,744), while decreased expression
of EZH2, A-Raf, C-Raf, POLG, ERRa, and RRM1 reflected modulation of transcriptional,
cell-cycle, and DNA-repair pathways (745—-750). Conversely, EMA/MUCI1, JNK2, and Tau
were upregulated, likely representing compensatory or stress-responsive signalling that could

facilitate RTK-mediated feedback and resistance (751-755).

Several proteins downstream of crizotinib targets involved in proliferation, DNA repair, and
RTK-mediated signalling, including A-Raf, GSK-30/B, POLG, and STAT5a, were modestly
downregulated, suggesting partial suppression of RTK-driven pathways (746,747,749,756—
759). However, p-MET was not reduced and other direct crizotinib targets were not included
on the RPPA panel, limiting direct assessment of proximal RTK inhibition; this is consistent
with prior work demonstrating that crizotinib does not suppress c-MET phosphorylation in
pancreatic cancer cells despite its canonical activity against c-MET/ALK, with target

engagement in this context occurring predominantly through ALK inhibition (760).

Notably, proteins associated with stress and compensatory signalling were upregulated,
including HER3, EMA, GRB7, and 53BP1. HER3, EMA and GRB7 upregulation has been
shown to upregulate or sustain oncogenic RTK expression (751-753,761,762).

A previous study has shown that 53BP1, a key mediator of cellular stress responses (763), can

increase in response to crizotinib (764), reflecting activation of mitotic stress pathways (765).
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TP53 mutations may impair 53BP1 recruitment, potentially altering the cellular response to

mitotic stress (766,767).

The combination of alpelisib and crizotinib in 7P53/PIK3CA co-mutant cells induced a unique
proteomic signature which was distinct from either monotherapy, as evidenced by the Venn
diagram analysis (Figure 4-13(a)), which identified 12 proteins exclusively or preferentially
dysregulated by the combination. The STRING network analysis (Figure 4-12(c)) revealed
high-confidence PPIs between the dysregulated proteins, key components of the PI3K/AKT
pathway, and the primary RTK targets of crizotinib, indicating a coordinated, interconnected
response to the combination. This supports our hypothesis that these drugs synergistically

target compensatory signalling in 7P53/PIK3CA co-mutant cells.

The enhanced efficacy of the alpelisib-crizotinib combination is best understood at the pathway

and functional level.

Enhanced PI3K and MAPK inhibition

The combination of alpelisib and crizotinib effectively suppresses PI3K/AKT and MAPK
signalling, disrupting compensatory survival pathways. PTEN, a tumour suppressor that
antagonises PI3K/AKT signalling and promotes cell cycle arrest and apoptosis (768), showed
a trend toward upregulation with crizotinib alone but reached significance with the
combination, reflecting PI3K/AKT pathway inhibition. This may reflect crizotinib-mediated
effects on upstream regulatory networks controlling PTEN expression and PI3K/AKT

signalling.

4E-BP1, a translational repressor downstream of PI3K/AKT/mTOR (769), showed band-
specific modulation (664—666,770). Phosphorylation of 4E-BP1 relieves its inhibition of
elF4E, allowing cap-dependent translation (771). Crizotinib alone increased the hypo-
phosphorylated o form, indicating compensatory activation and resistance (772), while the
combination reduced the B and y bands, reflecting synergistic inhibition of translation and
reinforcement of apoptotic priming (773). These data raise the possibility that translational
control via 4E-BP1 represents a key downstream node contributing to the observed
combinatorial effects, integrating PI3K and RTK signalling outputs at the level of protein
synthesis. However, further work incorporating direct measures of translational activity and

site-specific phosphorylation would help to better define this mechanism.
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Single-agent treatments downregulated p-A-Raf and/or p-C-Raf, whereas the combination
uniquely decreased p-B-Raf (S445) together with p-A-Raf, indicating a broader suppression of
MAPK signalling (746,774). MAPK signalling has previously been reported as a mechanism
of resistance to PI3K inhibition (775).

Together, these findings demonstrate that dual PI3K/RTK inhibition by alpelisib and crizotinib
co-ordinately blocks PI3K/AKT and MAPK signalling, overcomes compensatory survival

mechanisms, and enhances apoptotic susceptibility.
Mitotic stress

p-ATM (S1981) was upregulated, indicating activation of stress response pathways. ATM
autophosphorylation at Ser1981 has been reported not only in response to DNA damage but
also under conditions of mitotic stress, where it contributes to checkpoint activation and
apoptosis (776—778). Notably, 53BP1 was also increased, consistent with the effect observed
following crizotinib monotherapy. The study discussed previously, which demonstrated that
crizotinib increases 53BP1 expression, also reported concomitant induction of ATM
autophosphorylation (764). In our study, p-ATM appeared to be primarily driven by crizotinib
but reached statistical significance only in the combination setting, suggesting that dual PI3K
and RTK inhibition may amplify mitotic stress signalling beyond that induced by RTK
inhibition alone. This increased stress signalling may help explain why apoptosis was observed
with the combination but not with either single agent. Although mutant p53 impairs canonical
checkpoint control (779,780), ATM has been reported to promote p53-independent apoptosis
through CHK2 and related pathways (781,782), suggesting that stress signalling can be
activated even in the absence of functional p53. While we observed increased CHK2 protein
levels following crizotinib monotherapy, a significant increase was not observed following
combination treatment, and future studies should further explore the dynamics of CHK2

activation and its downstream effectors in the context of dual PI3K and RTK inhibition.

PLK1 was also upregulated following the combination, consistent with a compensatory mitotic
response. As a key regulator of centrosome maturation, spindle formation, and G2/M transition,
PLK1 upregulation likely reflects an adaptive attempt to sustain proliferation under stress
(783,784). Prior reports show that PLKI1 inhibition enhances alpelisib efficacy (785),
suggesting that targeting this compensatory axis could further potentiate apoptosis. Conversely,
Cyclin-E1, a G1/S transition driver (786), was significantly downregulated in the combination,

implying G1 arrest and reduced proliferative capacity (787).

211



Together, these changes indicate that dual PI3K/RTK inhibition induces mitotic stress,
engaging ATM and compensatory PLK1 signalling, and suppresses cell cycle progression,

collectively reinforcing apoptotic priming.

Programmed cell death

PAR was upregulated following alpelisib-crizotinib treatment. Excessive PARP activation
generates PAR polymers that translocate to mitochondria, promote apoptosis-inducing factor
(AIF) release, and trigger caspase-independent cell death (parthanatos) (788,789). While not
the main apoptotic driver, this pathway likely contributes to the enhanced antiproliferative

effect observed with the combination treatment.

BCL2, an anti-apoptotic protein, was also upregulated, likely reflecting a compensatory
resistance mechanism counteracting increased apoptotic signalling and potentially indicating

emerging adaptive survival responses (790).

Cyclophilin-F or cyclophilin-D (CypD), a regulator of the mitochondrial permeability
transition pore (791), was uniquely upregulated by the combination, suggesting mitochondrial
stress and enhanced apoptotic priming through mPTP opening and cytochrome c release (792).
Thus, dual pathway inhibition appears to engage both DNA damage- and mitochondria-

mediated apoptosis.

PRMT1, a methyltransferase involved in transcriptional regulation, signal transduction, and
DNA damage repair (793), was downregulated by the combination treatment. Reduced PRMT1
expression may compromise DNA repair processes and attenuate oncogenic transcriptional
programmes that support tumour cell survival (794,795). In addition, studies suggest that
PRMT1 inhibition can promote anti-tumour stress responses, including activation of
interferon-associated viral mimicry pathways, and may reduce adaptive mechanisms that
contribute to therapeutic resistance. Collectively, these effects could increase cellular
susceptibility to apoptosis (796,797). Notably, alpelisib alone partially decreased PRMT1
expression, whereas the combination produced a greater reduction, suggesting that PRMT1
suppression may contribute to the enhanced efficacy observed with combined PI3K/RTK

blockade.

PDCD4, a tumour suppressor gene, inhibits tumour promotion, proliferation, invasion, and
metastasis, in part through suppression of protein translation and modulation of oncogenic

signalling pathways (798—-800). PDCD4 expression is frequently reduced in cancer and its loss
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has been associated with tumour progression and poor clinical outcomes. Therefore, its
upregulation following combination treatment may contribute to the enhanced anti-tumour
response by limiting the translation of proteins that support tumour growth and survival, while
promoting apoptotic signalling. Given that PDCD4 is negatively regulated by the
PI3K/AKT/mTOR pathways, its increased expression is also consistent with effective pathway

inhibition by the combination treatment (801).

While alpelisib or crizotinib alone partially inhibit PI3K/AKT and MAPK signalling, they do
not trigger apoptosis. Only the combination sufficiently suppresses these pathways, induces
mitotic and DNA damage stress, and engages both mitochondrial- and DNA damage-mediated

apoptotic pathways, priming cells for programmed cell death.

RTK dysregulation

p-EGFR (Y 1173) was upregulated by crizotinib alone at near-significant levels, suggesting a
compensatory response to RTK inhibition as previously reported (802). Although this feedback
reflects a resistance mechanism, it nonetheless supports that RTKs are being effectively
targeted. The upregulation was greater and significant with the alpelisib-crizotinib

combination, indicating amplified compensatory signalling under dual PI3K/RTK blockade.

In summary, the alpelisib-crizotinib combination uniquely induces apoptosis in 7P53/PIK3CA
co-mutant TNBC by simultaneously suppressing PI3K/AKT and MAPK signalling, triggering
DNA damage and mitotic stress, and engaging both mitochondrial- and DNA damage-
mediated apoptotic pathways. This dual inhibition overcomes compensatory survival
mechanisms observed with single agents, creating a distinct proteomic and signalling signature
that primes cells for programmed cell death and highlights the mechanistic basis for the

observed synergy.
6.3.1. Conclusion

Based on our evidence, we propose a mechanistic model (Figure 6-1) in which mutant PIK3CA
drives constitutive activation of PI3K signalling in TP53/PIK3CA co-mutant TNBC cells.
Alpelisib inhibits PI3Koa, resulting in suppression of downstream PI3K/AKT signalling;
however, this is accompanied by compensatory RTK reactivation, consistent with adaptive

feedback mechanisms that limit pathway inhibition (463).

In addition, 7P53 mutation may contribute to this signalling environment not only through loss

of WT tumour suppressor function, including regulation of RTKs, but also through reported
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GOF activities that can enhance oncogenic signalling pathways, including PI3K/AKT and
RTK-associated networks (561,803). Together, these alterations may reinforce survival

signalling and increase reliance on compensatory feedback loops following PI3K inhibition.

Crizotinib is proposed to counteract this adaptive response through inhibition of multiple
RTKs, thereby reducing compensatory signalling and enhancing suppression of downstream
PI3K/AKT and MAPK pathways when combined with alpelisib. Previous studies have also
suggested that crizotinib may promote degradation or destabilisation of mutant p53 (734,804);

however, this was not directly assessed in the present study and remains speculative.

Collectively, this model integrates mutant PIK3CA-driven PI3K activation, 7P53-associated
dysregulation of RTK and PI3K signalling, and adaptive RTK feedback following PI3K
inhibition to explain the observed synergistic effect of the combination treatment. Enhanced
pathway suppression is consistent with disruption of these interconnected survival networks
and increased apoptotic response. These findings provide a proposed framework to explain the
observed synergy between alpelisib and crizotinib; however, the mechanisms described remain
hypothetical and require further experimental validation, including time-resolved analyses to
confirm RTK reactivation dynamics and additional studies to assess the potential role of mutant

p53 regulation.
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Figure 6-1: Proposed model of alpelisib and crizotinib synergy in TP53/PIK3CA co-mutant
TNBC. Proposed mechanism of alpelisib-induced PI3K inhibition leading to unchecked RTK
reactivation in 7P53/PIK3CA co-mutant TNBC cells and its mitigation by crizotinib-mediated RTK
inhibition and mutant p53 degradation.
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6.3.2. Limitations and future work

While this study provides novel insights into the therapeutic implications of 7P53 and PIK3CA
co-mutations in TNBC, several limitations must be acknowledged to contextualise the findings.
These constraints highlight opportunities for future research to validate and extend the
proposed mechanisms, particularly through expanded models, direct mechanistic assays, and

clinical translation.

First, while the study relied on in vitro TNBC cell lines stratified by mutational status, these
models lack the complex TME - including immune, stromal, and extracellular matrix
interactions — that influence drug response in vivo (805,806). Factors such as hypoxia, nutrient
gradients, and paracrine signalling may further modulate compensatory RTK activity and
resistance in patient tumours (756,178,807). Consequently, clinical translation remains limited
by the absence of in vivo efficacy and patient-derived data. Although ICso and synergy metrics
were benchmarked against clinical Cmax values, pharmacokinetic parameters (e.g. tissue
penetration, metabolism (808)) and toxicities (e.g. alpelisib-induced hyperglycaemia,
crizotinib-related hepatotoxicity (809,810)) were not assessed. Future studies should employ
PDXs, organoids, or syngeneic models (811,812) to validate the alpelisib-crizotinib synergy
under physiologically relevant conditions — an effort already initiated through my Health
Products Regulatory Authority (HPRA) application for in vivo testing. Retrospective analyses
of trials such as EPIK-B3 (which assessed alpelisib in TNBC) (813), incorporating
TP53/PIK3CA co-mutation, could support biomarker-driven patient selection. Moreover,
artificial intelligence (Al)-based modelling of genomic, proteomic, and pharmacologic data
could help predict drug responses, optimise combination strategies, and identify patient
subgroups most likely to benefit from dual PI3K-RTK inhibition — thereby reducing reliance

on extensive in vivo experimentation (814,815).

Second, the number of cell lines per genotype was limited, restricting generalisability, as each
line harbours distinct co-alterations (e.g. EGFR amplification in BT-20 and MDA-MB-468,
PTEN loss in CAL-51 and MDA-MB-468) that may confound mutation-specific effects. The
greater alpelisib resistance in EGFR-amplified BT-20 and MDA-MB-468 — compared to
MFM-223 and HDQ-P1 — suggests EGFR-driven bypass signalling as a resistance mechanism
(816,817), potentially explaining BT-20’s weaker synergy with the alpelisib-crizotinib
combination. Expanding the panel to include additional 7P53/PIK3CA co-mutant models, such
as CRISPR-engineered isogenic lines (818) or patient-derived cells with defined EGFR status,
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would help disentangle the effects of dual mutations and co-alterations. The lack of
TP53/PIK3CA-WT TNBC cell line models also limits baseline comparisons. Although
DU4475 fits this genotype and has been used in prior studies (819), its suspension growth
prevented application of the same adherent-based proliferation assays used for our other cell
lines. This TP53/PIK3CA-WT genotype scarcity reflects the rarity of 7P53-WT TNBC, as
TP53 mutations occur in ~80% of cases (699).

Third, while RPPA and Western blot analyses yielded valuable proteomic insights, both
methods have inherent limitations. RPPA is semi-quantitative and restricted to pre-selected
analytes (820), potentially missing relevant resistance mediators (e.g. unassessed crizotinib
targets such as ALK or ROS1). Western blots, though confirmatory, covered only a subset of
markers and may not reflect temporal signalling dynamics (821). Notably, there is no direct
evidence that crizotinib engaged its target RTKs, as p-MET was not downregulated and other
targets were absent from the RPPA panel. The observed p-EGFR upregulation and downstream
MAPK modulation are indirect and could arise from PI3K inhibition or off-target effects rather
than specific RTK blockade (775,822). Likewise, evidence for alpelisib-induced RTK
reactivation or crizotinib-mediated mutant p53 degradation remains circumstantial. Future
studies should use phosphoproteomic or mass spectrometry-based profiling to capture global
RTK and signalling dynamics (823), complemented by targeted validation (e.g. Western blot
for p-ALK, p-ROS1) and time-course assays to track compensatory feedback (824,825). For
p53 degradation, immunoprecipitation, ubiquitination, or proteasome inhibition assays could

provide direct mechanistic confirmation (826).

Fourth, the study assessed only short-term transcriptional and proteomic changes, without
examining long-term adaptive responses such as clonal selection or epigenetic reprogramming
(827,828). The upregulation of BCL2 and compensatory p-EGFR under combination treatment
suggests emerging resistance mechanisms (829,830), consistent with the EGFR amplification
observed in the 7P53/PIK3CA co-mutant BT-20 cell line that exhibited reduced synergy. Such
feedback may enable bypass signalling and diminish long-term efficacy. Longitudinal studies
— such as drug holiday experiments, repeated dosing assays, or single-cell sequencing — are
needed to track these adaptive dynamics and guide strategies to prevent relapse (831-833).
Future work should directly test EGFR s role using EGFR inhibitors (e.g. erlotinib) or siRNA
knockdown in EGFR-amplified models (834,835). Although EGFR inhibitors demonstrate
toxicity in patients due to healthy cell targeting (836,837), lower-dose combinations with

alpelisib and crizotinib may help counteract EGFR-mediated resistance.
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In conclusion, these limitations underscore the preliminary nature of our findings and
emphasise the need for rigorous validation. By addressing these through advanced models,
direct mechanistic assays, and clinical studies, future work can refine the therapeutic rationale
for targeting 7P53/PIK3CA co-mutant TNBC, potentially leading to personalised combination

strategies that improve outcomes in this challenging subtype.

6.4. Modelling mutation-specific therapeutic responses in isogenic

cell models

While the preceding analyses support 7P53/PIK3CA co-mutation as a determinant of reduced
sensitivity to PI3K inhibition and identify dual PI3K/RTK blockade as a potential strategy to
overcome this resistance, 7P53 mutation itself represents a highly heterogeneous biological
entity. 7P53 mutations differ markedly in their effects on protein function, ranging from
complete loss of tumour suppressor activity to DN and GOF phenotypes that can differentially
influence oncogenic signalling networks (838,839). Consequently, the extent to which
individual 7P53 variants influence PI3K pathway dependence and therapeutic response

remains incompletely understood.

The rationale for this study arose from previous work demonstrating that interactions between
TP53 and PIK3CA alterations can influence PI3K inhibitor response in a mutation-specific
manner. In an isogenic MCF10A model, Croessmann et al. generated cell lines harbouring
either PIK3CA hotspot mutations (E545K or H1047R), TP53 alterations (R248W knock-in or
TP53 knockout), or combinations of these alterations, and evaluated their responses to a panel
of targeted therapies. Notably, neither PIK3CA mutation alone nor 7P53 alteration alone
consistently sensitised cells to the PI3Ka inhibitor alpelisib (BYL719). However, enhanced
sensitivity to alpelisib was observed in cells harbouring combined 7P53 alteration and PIK3CA
E545K mutation, whereas co-alteration with the PIK3CA H1047R mutation did not produce
the same effect. Specifically, both TP53 R248W/PIK3CA E545K and TP53 knockout/PIK3CA
E545K models appeared among the most sensitive to alpelisib relative to parental MCF10A
cells, while TP53 R248W/PIK3CA H1047R and TP53 knockout/PIK3CA H1047R models
showed no comparable sensitisation (686). These findings suggested that the influence of 7P53
on PI3K inhibitor response is highly dependent on the specific mutational context and raised
the possibility that different 7P53 variants may differentially modulate PI3K pathway

dependence.

217



Importantly, these observations contrast with the resistance phenotype observed in
TP53/PIK3CA co-mutant TNBC cell lines in Chapter 4, highlighting the complexity of 7P53-
PI3K interactions and suggesting that therapeutic responses may depend not only on 7P53 and
PIK3CA status, but also on the specific 7P53 variant present and the broader cellular context.
However, the study examined only a single 7P53 missense mutation (R248W) and one 7P53
LOF model, leaving unresolved whether other clinically relevant 7P53 mutations exert similar
or distinct effects on PI3K inhibitor sensitivity. Our study was therefore undertaken to address
this knowledge gap by systematically evaluating alpelisib response across a broader panel of
TP53-altered MCF10A models and by investigating how selected 7P53 variants interact with
PIK3CA H1047R to influence sensitivity to alpelisib, crizotinib, and their combination.

In 7P53-altered MCF10A models, mutations generally enhanced alpelisib sensitivity compared
to WT controls, supporting our hypothesis from Chapter 4 that 7P53 alterations modulate PI3K
inhibitor response. Alpelisib-sensitive mutants (G245S, R273H) displayed distinct baseline
gene expression profiles relative to resistant cell lines (pS30E, p53KD) (Figure 5-1). Pathway
analysis of the MCF10A models (Figure 5-4) reveals isoform-specific PI3K/AKT “rewiring”
(840,841). In alpelisib-sensitive cells PIK3CD and AKT?2 are downregulated while PIK3R3 and
AKT3 are upregulated. PIK3R3 (p55y) is a regulatory subunit that can reconfigure which
catalytic PI3K complexes are engaged and has been linked to migration and aggressive
behaviour in TNBC datasets, supporting its role as an alternative PI3K regulator (55,842).
AKT3, in turn, has a TNBC-specific role in promoting spheroid growth, stemness and treatment
resistance, such that many TNBCs preferentially depend on AK73 rather than AKTI/2
(490,843,844). Mechanistically, loss of PIK3CD and AKT2 may funnel signalling through a
pS5y-AKT3 axis, creating a single vulnerable survival pathway. Taken together, (i) the 7P53-
altered MCFI10A transcriptional state mirrors key PI3K/AKT features of TNBC
(PIK3R3/AKT3 enrichment), and (ii) the PIK3R3-high/AKT3-high with PIK3CD-low/AKT2-
low identifies a pattern of potential PI3K dependence, which could support this signature as a

baseline predictor of PI3K inhibitor response.

RTKs (e.g. EGFR, MET, FGFR3) were broadly downregulated in alpelisib-sensitive 7P53-
MUT cells. This observation is consistent with previous reports suggesting that baseline RTK
expression influences PI3K inhibitor sensitivity. Reduced baseline RTK levels limit alternative
signalling routes, heightening dependence on the PI3K/AKT axis and rendering cells

vulnerable to alpelisib, whereas resistant cells may retain higher RTK expression to enable
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bypass mechanisms under PI3K blockade (845-847). Although literature evidence suggests
TP53 mutations often upregulate RTKs — leading to aberrant activation by relieving p53-
mediated suppression —, the mutation-specific downregulation observed here may reflect

variant-dependent effects.

Resistant cell lines showed higher expression of basal and stress-associated epithelial
programmes, suggesting that alpelisib resistance is linked to a more basal-like, stress-adapted
state. In pS3KD cells, increased 7P63 - a transcription factor that regulates basal epithelial cell
identity and differentiation — alongside elevated basal keratins (KR7S5, KRT14) is consistent
with activation of a 7P63-driven basal programme (848). By contrast, pS30E cells maintained
TP63 and basal keratin levels similar to pS3WT, yet both pS3KD and p530E converged on
increased stress-associated keratins (KRT6A/B, KRT16, KRT17), indicating a shared injury- or
stress-like epithelial state (849). This suggests that p53 loss or overexpression disrupts
epithelial homeostasis via distinct mechanisms but converge on a common stress-adapted
programme. In contrast, alpelisib-sensitive mutants (G245S, R273H) showed lower baseline
TP63 and basal keratin expression than pS3WT, indicating reduced basal programme activity.
Collectively, p5S3 mutant cells appear more dependent on PI3K-AKT signalling in a less stress-
adapted epithelial state, whereas pS3KD and p53OE cells engage robust basal and injury-
associated programmes that may protect against pathway inhibition and reduce alpelisib

sensitivity.

Interestingly, alpelisib sensitivity in 7P53-altered MCF10A cells generally paralleled with
doxorubicin sensitivity from the Pal et al. study (585), with sensitive variants (G245S, R273H)
showing enhanced responses to both. We also observed that Crizotinib responses followed a
similar trend but the effects were less striking. This similarity indicates that 7P53 variants
disrupt common target pathways, i.e. apoptosis, PI3K/AKT, and RTK signalling. Thus, the
observed response patterns are not drug-specific but instead reflect the broader impact of 7P53
alterations on common signalling pathways, highlighting how these alterations shape drug

sensitivity.

Our expanded MCF10A panel showed that 7P53 mutations modulate alpelisib response in a
variant-specific manner (see Figure 5-5): DNA-contact mutants (R248Q, R273C) were
generally more sensitive than structural mutants (Y234C, H179R). DNA-contact mutants (e.g.
R273H) disrupt DNA binding, causing a loss of normal transcriptional activity. Unlike

structural mutants, they maintain their stable shape, allowing them to still interact with
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cofactors and signalling partners even though they cannot bind DNA. In contrast, structural
mutants (e.g. Y220C) misfold the protein, causing instability and preventing DNA binding.
This misfolding broadly impairs protein-protein interactions, and can lead to a complete loss
of function (850,851). We propose that DNA-contact mutants, rely heavily on PI3K/AKT
signalling for survival. In the absence of canonical p53 transcriptional programmes, PI3K
inhibition removes their main survival route. By contrast, structural mutants are misfolded,
disrupting many interaction surfaces and activating multiple alternative pathways, reducing
dependence on PI3K and making them less sensitive to its inhibition. Further analysis however
would be required to validate this hypothesis. In particular, immunoprecipitation of pS3MUT
proteins followed by mass spectrometry could be used to characterise differences in protein-
protein interactions between structural and DNA-contact mutants, providing mechanistic
insight into how distinct binding partners may contribute to differential PI3K dependency and
alpelisib sensitivity (852).

The structural versus contact classification provides a useful framework but does not fully
capture the heterogeneity among structural mutants, which likely arises from mutation-specific
effects on folding and functional outcomes. In general, structural mutants disrupting the B-
sandwich core or zinc-binding region tend to cause more pronounced destabilisation, including
partial or extensive loss of fold (853,854). By contrast, mutants such as G245S induce only
moderate destabilisation and local structural changes, leading to more limited disruption of
function (850,855). However, these trends are not absolute: for example, the structural mutant
R175H, despite significant destabilisation (854), responded to alpelisib similarly to the R273H
contact mutant, illustrating allele-specific variation. These observations suggest that the effects
of individual 7P53 mutations on protein stability and interaction networks shape variant-
specific responses to PI3K inhibition. Collectively, our data show that loss of DNA binding by
TP53 contact mutants reliably sensitises cells to PI3K inhibition, providing a potential
biomarker for patient stratification. Conversely, structural mutants exhibit allele-specific
responses, highlighting the limitations of broad contact-versus-structural classifications and the

need for mutation-specific consideration.

Our findings demonstrate that alpelisib sensitivity in MCF10A cells is highly dependent on the
interplay between TP53 and PIK3CA status. Introduction of PIK3CA-MUT into TP53-MUT
cells reduced sensitivity to alpelisib (Figure 5-7). This supports the concept that 7P53 and

PIK3CA mutations interact to modulate PI3K inhibitor response, consistent with previous
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reports indicating that co-occurring mutations can alter cancer cell phenotypes drug sensitivity
in a context-dependent manner (237,487,686,696,698). Interestingly, 7P53-MUT-only TNBC
cells exhibited greater resistance to alpelisib compared with 7P53/PIK3CA co-mutant cells
(Figure 4-1), which disagrees with the above finding. This suggests greater PI3K pathway
dependence in the MCF10A models, likely due to the absence of additional oncogenic drivers
which are present in TNBC. Despite these differences, the data support a functional interplay
between 7P53 and PIK3CA in mediating resistance to PI3K inhibition.

We must also consider whether PIK3CA-MUT or PIK3CA-OE results in differential PI3K
inhibitor sensitivity. In TNBC models, Hu ef al. have previously shown that PIK3CA-OE led
to activation of the PI3K/AKT pathway (indicated by p-AKT expression), but the level of
signalling was significantly lower than that observed with activating PIK3CA-H1047R (240).
Similarly, in endometrial carcinoma, PIK3CA amplification increased mRNA and protein
levels but produced less PI3K/AKT activation than activating mutations (856). In the MCF10A
TP53-MUT models PIK3CA-OE had minimal impact on alpelisib response, indicating in our
model that PIK3CA-OE alone is insufficient to drive robust PI3K pathway activation and
confer substantial resistance to alpelisib. This is further supported by our findings in Chapter 1
(Table 3-1), where inclusion of PIK3CA amplification within the PI3K** definition reduced
the observed worse survival effect compared with PIK3CA-MUT-only stratification,
suggesting that CN-driven PIK3CA gains may represent a weaker or less functionally dominant

form of PI3K pathway activation in TNBC.

Interestingly, Croessmann et al. reported that specific 7P53/PIK3CA combinations, such as
PIK3CA-E545K with TP53-R248W or TP53-knockout, actually sensitised MCF10A cells to
alpelisib, whereas knock-in of either alteration alone did not. In contrast, our observations show
that MCF10A cells expressing the 7P53/PIK3CA co-mutation were more resistant. The
discrepancy with Croessmann et al. likely reflects two factors. First, the specific mutations
differed: Croessmann et al. observed sensitisation with PIK3CA-E545K combined with 7P53-
R248W or T'P53-knockout, whereas we used PIK3CA-H1047R with different 7P5 3 alterations,
which may contribute to the differing drug responses. Second, the methodology differed: they
used precise targeted knock-in/knockout MCF10A models, while our lentiviral transduction
approach can lead to variable mutation levels and non-physiological expression, potentially

altering downstream signalling (686,857,858).
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Overall, our findings demonstrate that alpelisib response is shaped by the specific interplay
between 7P53 and PIK3CA alterations rather than by PIK3CA status alone. This emphasises
the need to consider co-occurring mutations and cellular context when predicting PI3K

inhibitor sensitivity and interpreting clinical efficacy.

TP53 allele-specific effects influenced crizotinib response in MCF10A models (Figure 5-8),
whereby the impact of the PIK3CA status was linked to the specific 7P53 background. In the
DNA-contact mutant (7P53-R273C), PIK3CA-MUT conferred greater crizotinib resistance
than PIK3CA-OE. In contrast, the structural mutant (7P53-Y234C) was more crizotinib
resistant when expressing PIK3CA-OE rather than PIK3CA-MUT. In p530E cells, both
PIK3CA-OE and -MUT increased resistance relative to PIK3CA-WT.

These findings highlight that crizotinib sensitivity is shaped by the interplay of 7P53 allele
type, PI3K perturbation, and downstream signalling architecture. Notably, the modest increase
in crizotinib sensitivity observed in MCF10A cells expressing different 7P53 mutants (Table
5-1) may reflect mutation-specific effects beyond transcriptional regulation, such as TP53’s
non-transcriptional roles in apoptosis and mitotic stress responses (779). This suggests that
integrating mutation-specific context could improve prediction of RTK inhibitor sensitivity

across diverse cancer settings.

In TNBC models, we proposed that 7P53/PIK3CA co-mutations drive compensatory RTK
reactivation in response to alpelisib, that can be overcome with dual targeted treatment using
PI3K and an RTK inhibitors (Figure 6-1). However, the MCF10A TP53/PIK3CA co-mutant
cell lines demonstrated reduced single drug sensitivity relative to the pS30E/PIK3CA-MUT or
pS3MUT/PIK3CA-WT models (see Figure 5-9). This differential drug sensitivity provides
further evidence of the complex interplay between 7P53 and PIK3CA mutations in modulating

the response to alpelisib and crizotinib.

The combination of alpelisib and crizotinib had a stronger antiproliferative effect in the
TP53/PIK3CA co-mutant MCF10As relative to either single agent. EDso values could not be
calculated for these models due to reduced alpelisib sensitivity upon the introduction of the
PIK3CA-MUT, meaning it was not possible for Calcusyn to determine ClIs and DRIs. This
raises the question of whether the combination of drugs can achieve anti-proliferative efficacy

at clinically relevant concentrations (i.e. below Cmax).
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A notable finding was observed in the structural Y234C p53MUT, which was already resistant
to alpelisib. In this background, both PIK3CA-MUT and PIK3CA-OE reduced sensitivity to
crizotinib (Figure 5-8(c)). This suggests that conformational changes in structurally altered
P53 (859) cooperate with co-occurring PI3K-AKT activation to sustain downstream survival
signalling, thereby reducing the efficacy of crizotinib-mediated RTK inhibition. Importantly,
this resistance was largely reversed by combined alpelisib and crizotinib treatment (Figure 5-
9(c)), which restored sensitivity to levels comparable with PIK3CA-MUT cells. Consequently,
dual inhibition is required to bypass this resistance phenotype, suggesting that combining
alpelisib and crizotinib can overcome single-agent resistance in structural 7P53 mutants co-
harbouring PIK3CA alterations. Future studies will be required to determine whether this effect
is consistent across other structural 7P53 mutants and to elucidate the precise molecular

mechanisms underlying the observed phenotype.

Overall, PIK3CA-MUT or -OE consistently attenuated the alpelisib plus crizotinib combination
response, with the magnitude and nature of this effect modulated by 7P53 alteration type.
Additionally, the lack of other oncogenic drivers and adaptive signalling networks in MCF10A
cells, such as constitutive RTK activation and complex feedback loops present in TNBC (860—
862), may further impact the response to these targeted drugs and their combination,

highlighting the context-dependent nature of 7P53-PIK3CA interactions.

6.4.1. Conclusion

TP53 mutations drive mutation- and allele-specific effects on therapeutic response by
reshaping transcriptional programmes, signalling networks, and translational control. DNA-
contact mutants are generally PI3K-dependent and sensitive to alpelisib, while structural
mutants show heterogeneous responses due to broader pathway rewiring. Co-occurring 7P53
and PIK3CA alterations modulate these effects, promoting resistance to PI3K and RTK
inhibitors in a 7P53-mutation dependent manner. Combination therapy can partially overcome
PIK3CA-driven resistance, but efficacy is context-dependent, highlighting the role of
additional oncogenic circuitry. Overall, therapeutic response is determined by the specific
interplay of 7P53 and PIK3CA mutations, underscoring the need for mutation-informed,

context-specific precision strategies.
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6.4.2. Limitations and future work

This study provides insights into the mutation-specific effects of 7P53 alterations on
therapeutic responses in isogenic models, however, several limitations in methodology and
model choice warrant consideration and suggest directions for future research on 7P53-

PIK3CA interplay in TNBC.

A primary limitation is the reliance on baseline transcriptomic analysis to infer therapeutic
response. While RNA-seq profiling in MCF10A cells identified baseline gene expression
differences associated with alpelisib sensitivity, such as dysregulation of epithelial integrity
genes and PI3K/AKT components, transcriptomic data capture only steady-state mRNA levels.
They do not reflect protein abundance, PTMs, or dynamic pathway activity, all of which are
critical for drug response (863—-865). For example, TP53/PIK3CA co-mutant TNBC tumours
showed no significant (|[L2FC| > 0.585; adj.p < 0.05) PI3K/AKT (i.e. PIK3CA, AKT)
dysregulation transcriptomically relative to 7P53-only, yet TP53/PIK3CA co-mutant TNBC
cell lines responded synergistically to dual PI3K/RTK inhibition, highlighting how

transcriptomics may overlook functional signalling adaptations.

Another limitation lies in the use of MCF10A cells as a TNBC model. While this non-
tumourigenic, basal-like, immortalised mammary epithelial line provides a controlled isogenic
background, it lacks the full oncogenic transformation, heterogeneity, and microenvironmental
interactions characteristic of TNBC (862,866—869). TP53/PIK3CA co-mutant MCF10A cells
have previously been shown to display enhanced proliferation and morphologic abnormalities
but fail to form tumours in vivo (686), in contrast to primary TNBC cell lines that retain
tumourigenic potential (870). This discrepancy implies a lack of oncogenic drivers that may

have contributed to differences in observed drug synergy between models.

The lentiviral transduction method for introducing 7P53 and PIK3CA mutations also has
drawbacks. It can produce variable expression levels, non-physiological integration sites, and
off-target effects (857,871-873). In our study, PIK3CA protein expression was elevated in
most transduced lines, but variability remained, potentially explaining differences in drug
sensitivity compared with targeted HRc knock-in/knockout models or more modern CRISPR-

Cas9 systems, which better preserve native regulation and allele-specific effects (686,874).

Some of the conclusions drawn are correlative rather than mechanistic. For instance, the

suggestion that DNA-contact 7P53 mutants are more alpelisib-sensitive than structural mutants
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is based on ICso trends without direct validation. Proposed mechanisms — such as isoform-
specific PI3K/AKT rewiring or differential effects of PIK3CA-OE versus -MUT — remain
speculative without functional assays to measure pathway flux, isoform interactions, or AKT-
independent effectors (55,875—877). While the study supports an interplay between 7P53 and
PIK3CA in modulating drug responses, the precise nature of this interaction remains

unresolved.

Future work should address these gaps through mechanistic studies and more physiologically
relevant models. To delineate structural versus DNA-contact 7P53 mutant effects, techniques
like immunoprecipitation and mass spectrometry could map differential protein-protein
interactions (878,879), identifying how contact mutants preserve cofactor binding while
structural ones disrupt broader networks. Proteomic and phosphoproteomic profiling could
validate pathway activation beyond transcriptomics (880-882). CRISPR-based knock-in
models in TNBC-relevant lines or patient-derived organoids could isolate endogenous effects
(883,884), complemented by functional assays such as kinase activity measurements or
synthetic lethality screens (885,886). In vivo models would incorporate TME influences (887),
while expanding the 7P53 variant panel and conducting high-throughput drug screens (888)
could systematically assess allele-specific vulnerabilities. Integrating multi-omics data with
machine learning could ultimately predict mutation-contextual therapeutic sensitivities,

guiding precision strategies for PIK3CA-mutant TNBC (889,890).
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6.5. Final conclusion

In conclusion, 7P53-PI3K*! represents a convergent oncogenic state in TNBC arising from the
interaction between 7P53 loss and PI3K pathway activation. This co-altered state defines a
distinct, clinically aggressive phenotype characterised by metabolic reprogramming, hypoxia-
associated and inflammatory signalling, and a shift towards receptor- and growth factor-driven
transcriptional programmes. It is consistently associated with poor outcomes independent of
established TNBC subtype classifications, indicating a higher-order layer of tumour biology
not captured by current stratification approaches. Functionally, 7P53-PI3K*" tumours show
reduced sensitivity to PI3K inhibition, consistent with 7P53 dysfunction and adaptive RTK-
mediated compensatory signalling, which together may contribute to therapeutic resistance.
However, dual targeting of PI3K and RTKSs disrupts these feedback networks, suppresses
downstream signalling, and restores apoptotic susceptibility, overcoming resistance in co-
mutant contexts. Importantly, therapeutic response is not uniform but is strongly shaped by
mutation-specific 7P53 effects and modulated by co-occurring PIK3CA alterations,
highlighting substantial biological heterogeneity within this subgroup.

Clinically, these findings support 7P53-PI3K*®" as a high-risk, targetable TNBC subset that
could improve patient stratification beyond current subtype-based frameworks. They also
provide a rationale for integrating 7P53 and PI3K pathway status into trial design and for
prioritising combined PI3K and RTK inhibition strategies in appropriately selected TNBC
patients, with the ultimate goal of improving outcomes in this otherwise poor-prognosis

population.
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