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Summary:

Endocrine therapy is the standard treatment for patients with oestrogen-receptor positive advanced
breast cancer. Half of such cancers progress through first-line therapy and half progress after an initial
period of disease control. Endocrine resistance remains an ongoing issue. Many clinical trials have
added targeted therapy to endocrine treatment to overcome endocrine resistance by inhibiting
pathways involved in endocrine resistance, such as the PI3K/AKT pathway. FAKTION trial investigated
the efficacy of capivasertib in combination with fulvestrant. Patients who received combination
therapy have had improved progression-free survival (PFS) from 4.8 months to 10.6 months, p=0.0044
(Jones et al. 2020). A significant challenge remains to identify biomarkers which can guide the success
of endocrine therapy in combination with capivasertib.

As part of the trial formalin-fixed paraffin-embedded (FFPE) tumour tissue, were collected and
translational blood samples were taken at baseline, eight weeks of treatment, and on progression.

This thesis investigated the detection of biomarkers of resistance in the tissue DNA and circulating
tumour DNA (ctDNA) in baseline samples and serial plasma samples from breast cancer patients
undergoing trial treatment.

Potential biomarkers indicative of resistance to endocrine therapy were successfully detected in FFPE
DNA and ctDNA, using a commercially available, targeted 44 gene Next Generation Sequencing (NGS)
panel and digital droplet PCR (ddPCR).

In the first instance, the concordance of detected mutations in PIK3CA, AKT1, PTEN, ESR1 and TP53
genes between 34 baseline tissue and 34 baseline ctDNA samples, was assessed and potential reasons
for discordance were identified.

Mutations detected in baseline samples were trackable in longitudinal ctDNA samples of 15 patients.
The allele frequency (AF) of detected mutations changed over time. In 40% of patients, the pattern of
molecular response followed clinical response. However, in 60% of patients, did not follow the
expected pattern, suggesting issues with sample handling or methods errors.

Other biomarkers of endocrine resistance such as MYC, FGFR1, HER2 amplification detection were
explored in the 55 ‘end of treatment’ ctDNA samples, using ddPCR. The study showed that the
amplification could be detected in ctDNA but clinical threshold yet to be identified.

This study showed that co-existence of other resistance biomarkers or bad prognostic factors like TP53
mutations can influence response to new trial treatment and should be considered in stratification in
future trials.
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1. Introduction

1.1 Breast Cancer Incidence

Breast cancer is the most common cancer worldwide. In 2017, 54.700 women in the UK were
diagnosed with invasive breast cancer. Breast cancer is the 4" most common cause of cancer death in
the UK, with around 11.400 death each year. The 5-year survival of women with breast cancer is 85%,
and the 10-year survival is approximately 76%. However, when the disease spread to other organs, the

5-year survival falls to 26%. (CRUK 2017)

Breast cancer survival has doubled over the last 40 years. Over the years, significant advances in neo
and adjuvant therapies have been made, which increased overall survival and decreased mortality
rates (Bosetti et al. 2012). Patients are selected for neo- or adjuvant chemotherapy, radiotherapy,
endocrine therapy, targeted therapy based on clinicopathological features such as stage, grade,
tumour size, lymph node involvement, and receptor status (Weigelt et al. 2005). When the decision on
adjuvant treatment is uncertain, then multi-gene panel analysis of primary tumours such as Oncotype
DX can further help in decision making, highlighting the importance of understanding tumour genetics
(Sparano et al. 2019). The 21-gene Oncotype DX assay provides prognostic information, whether
adjuvant chemotherapy will reduce cancer recurrence for node-negative, oestrogen receptor-positive
(ER) and human epidermal growth receptor 2 (HER2) negative (Sparano et al. 2019). Other similar tests
like Oncotype DX rely on information from primary tissue taken at a single point in time. No further
pathological or molecular tests are performed to detect any residual disease or biomarkers to predict

response or resistance to adjuvant endocrine therapy.

Approximately 70% of advanced breast cancers express oestrogen receptor (ER), and women with such
tumours receive adjuvant endocrine therapy. Endocrine therapy cures approximately 30% of women
with undetected micro-metastatic disease but 70% relapse and subsequently die from ER-positive
resistant metastatic breast cancer (MBC) (Davies et al. 2011). In ER-positive advanced breast cancer,
endocrine therapy is the treatment of choice due to its improved toxicity profile and similar efficacy
compared with cytotoxic chemotherapy. However, half of such cancers will progress through the first-
line therapy (primary endocrine resistance), and half will progress after an initial period of disease
control (secondary or acquired endocrine resistance). Several resistance mutations have been
identified, including the oestrogen receptor pathway and other pathways, including alteration of the
PI3K/AKT pathway. Multiple clinical trials have been set to understand the endocrine resistance better

and evaluate drugs that will overcome endocrine resistance by blocking the identified pathways.



FAKTION trial has focused on the PI3K/AKT pathway and used capivasertib in addition to fulvestrant to

overcome endocrine resistance.

1.1.1 ER-Positive Breast Cancer and Endocrine therapy

In clinical settings, the oestrogen receptor is tested with immunohistochemical staining on breast
cancer tissue. The Allred score combines the percentage of stained cells and the intensity of their
staining (Qureshi and Pervez 2010). The two scores are added together, and the final score gives eight
possible values. Scores 0-2 are considered negative, and the scores 3-8 are regarded as ER-positive
(Qureshi and Pervez 2010; Murphy and Dickler 2016). Oestrogen receptor became the first molecular
target for endocrine therapy and remained the mainstay of treatment of all stages of ER-positive breast

cancers for almost four decades (Oesterreich and Davidson 2013; Fribbens et al. 2016).

Endocrine therapy includes drugs such as (Toy et al. 2013):

e Aromatase inhibitors (letrozole, anastrozole, exemestane)

e GnRH agonists (Goserelin) that suppress oestrogen production,

e Selective oestrogen receptor modulators (SERM) - (tamoxifen) that directly inhibits the
oestrogen receptor,

e Selective oestrogen receptor degraders (SERD) — (fulvestrant) that degrades oestrogen

receptor.

In the premenopausal woman, oestrogen production occurs mainly in the ovary compared to a
postmenopausal woman whose primary oestrogen source comes from peripheral aromatisation.
Aromatisation occurs in extragonadal tissues and is the aromatase-mediated conversion of
androstenedione and testosterone to estrone and oestradiol. As a result, premenopausal women are
treated with oestrogen receptor inhibitors like tamoxifen, although recent data show the role of
aromatase inhibitors with ovarian suppression in those women (Smyth and Hudis 2015). For
postmenopausal women, aromatase inhibitors are the first choice of treatment in adjuvant and

metastatic settings.

1.1.2 Oestrogen Receptor and ESR1 Gene

Oestrogen receptor (ER) is a member of the steroid hormone family of the nuclear receptors (NRs). ER

acts as a ligand-dependent transcription factor. Its activity is linked to the cell cycle and the regulation



of proliferation. Furthermore, oestrogen is an important sex hormone produced by ovaries in
premenopausal women. Oestrogen belongs to the family of steroid hormones that regulate the
growth, development, and physiology of humans' reproductive system. The biological functions of
oestrogen are transmitted by binding to the oestrogen receptor alpha (ERa) and oestrogen receptor
beta (ERB). ERa is expressed in the breast, uterus, ovarian theca cells and liver in women. ERp is
expressed in ovarian granulosa cells, bone marrow and brain. ERa is present in breast tissue and can

be overexpressed in breast cancer cells. (Lee et al. 2012)

ERa is encoded by genes located on chromosome 6. The full-length of ERa protein has 595 amino acids.
ERs consist of five domains with different functions, Figure 1. The N-terminal of the A/B domains
contains an activation function 1 (AF1), which regulate the transcriptional activity of ERs and is an
essential domain for interaction with co-regulators. Stimulation of the AF1 activity can also be achieved
by post-transcriptional modifications of specific amino acids contained in the A/B domains. DNA
binding domain (DBD) is encoded by the C domain, which is required for sequence-specific binding of
ERs to DNA and regulating the expression of target genes. The D domain encodes a hinge region that
stimulates nuclear localisation signalling and enables post-translational modification of ERs, which
results in the activation of ER signalling in cells. Lastly, the ligand-binding domain (LBD) and ligand-
dependent activation function 2 (AF2) are encoded by the E/F domain, located in the C-terminal region.

LBD/AF2 interacts with ligands like estrogen and also with co-regulators. (Lee et al. 2012)

Figure 1. Diagram of ER domains with the location of the identified mutations, image adapted from (Toy et
al. 2013).
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Most common mutations reported were from ligand-binding domain ESR1 gene: p.D538G (36%),
p.E380Q (21%), p.Y537S (14%), p.Y537C (6.3%), p.Y537N (5.3%), and p.L536H (4.2%) and 20% of other

less frequent mutations (Toy et al. 2017).



ERs remain inactive in the absence of hormones due to their connection with heat shock protein 90
(Hsp90). Hsp90 blocks the degradation of unbound ERs and prevents deactivated ERs from the binding
ligand. When ERs binds to the ligand, it gets phosphorylated and transferred to the nucleus. ERs
regulate the transcription of target genes by binding to estrogen response elements (EREs) in the DNA

sequence (Lee et al. 2012).

1.2. Resistance to Endocrine Therapy

In ER-positive metastatic breast cancer, endocrine therapy is the treatment of choice. The emergence
of endocrine resistance is inevitable in advanced breast cancer. However, an oncologist will treat with
second- and third-line endocrine therapies patients who initially benefited from first-line treatment.
The clinical benefit rate declines from about 70% for first-line treatment fulvestrant or aromatase

inhibitors to around 30% for the second and other treatment lines (Ellis et al. 2015).

Nevertheless, endocrine therapy is mostly well tolerated with a response duration of many years in
some patients. The main challenge is to improve our understanding of endocrine resistance and
develop strategies that will overcome the resistance and extend effective therapy duration while
minimising toxicity (Murphy and Dickler 2016). Breast cancers that are not responsive to any form of
endocrine therapy are called cross-resistant (Geisler and Lgnning 2001). Some breast cancers resistant
to one type of endocrine therapy but sensitive to other types would be called non-cross-resistant
(Johnston 2004; Perey et al. 2007). Some patients will respond to one Al type but would be resistant
to others (Lgnning 2009; Beresford et al. 2011).

1.2.1 Mechanisms of Endocrine Resistance

Loss of ER expression

Loss of ER expression would be the most reasonable explanation for endocrine resistance. However,
recent studies of matched primary and metastatic tumour tissues indicate that this occurs in only 10%
of patients (Sighoko et al. 2014). Ellis et al. found loss of ER expression after neoadjuvant endocrine
treatment in less than 10% of cases and fewer than 20% of non-responders who would represent an
endocrine-resistant phenotype (Ellis et al. 2008). The ER, progesterone receptor(PR) and HER status
can be discordant with primary tumours (Curtit et al. 2013) therefore, it has been recommended that
all patients with relapsed metastatic disease have a repeat biopsy where the metastatic lesion is

accessible (Cardoso et al. 2014).



Aromatase-independent oestrogen-producing pathway

Steroid hormones like oestrogen and androgen are produced in endocrine organs such as the ovary in
premenopausal women. Oestrogen production in the ovaries ceases following menopause. In
postmenopausal women, oestrogen is produced mainly by the conversion of androgens which occurs
in various tissues such as skin, muscle, fat, bone, aorta, brain. Several steroid-metabolising enzymes
catalyse the peripheral conversion from androgen to oestrogen. Several studies proved that this
conversion could occur in breast cancer tissue. The initial step in intra-tumour oestrogen production is
aromatisation, catalysed by enzyme aromatase (Sasano et al. 2009). This enzyme is a target for
Aromatase Inhibitors (Al), which have been established as the gold standard in the treatment of ER-
positive breast cancers. However, other enzymes such as the 17p-hydroxysteroid dehydrogenase type
1 (17B-HSD type 1), steroid sulfatase (STS), oestrogen sulfotransferase (EST), 5a-reductase type 1, 3B-
hydroxysteroid dehydrogenase type (3B-HSD type 1), play a significant role in intra-tumour production
of oestrogen (Sasano et al. 2009). These enzymes can produce multiple androgen metabolites: 5a-
androstane-3, 17B-diol (3B-diol) and androst-5-ene-3B, 17B-diol (A-diol), which can bind to ER and
stimulate proliferation in breast cancer cells (Aspinall et al. 2004; Wang et al. 2009), Figure 2. In
addition, the oestradiol (E2) can be produced from the biologically inactive oestrogen called estrone
sulphate (Honma et al. 2011), Figure 2. This production of estrogenic steroids and E2 by non-aromatase

pathways has been suggested to mediate Al resistance (Hanamura and Hayashi 2017).

Figure 2. Production of estrogenic androgens and E2 in stromal cancer cells, image adapted from (Hanamura
and Hayashi 2017).
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Endocrine resistance through cell cycle checkpoint alterations

Endocrine resistance can be caused by dysregulation of cell cycle progression through modifications of
key cell cycle checkpoints (Murphy and Dickler 2015). Cancer cells, as well as normal cells, receive many
proliferative and antiproliferative signals. The balance of these signals determines whether the cell will
progress from the G1 phase into the S phase (DNA synthesis) and commit to further cell cycle division

or quiescent phase (GO) (Pardee 1989).

The retinoblastoma tumour suppressor protein (pRb), p130 and p107 are the primary receivers of
antiproliferative signals. RB is regulated by complexes of cyclin and cyclin-dependent kinases (CDK), a
family of serine-threonine protein kinases (Morgan 1997). Phosphorylation of Rb by the cyclin-
dependent kinase CDK4 or CDK6 in complex with cyclin D1, D2, D3 results in progression through the
G1-S phase (Sherr 1995). Hyperphosphorylation of Rb lowers its ability to inhibit the activity of the E2F
family of transcription factors, causing the increased synthesis of proteins which are essential for DNA
replication and subsequent progression of the S phase and mitotic progression (Weinberg 1995). Many
cancers escape senescence by increasing cyclin D-dependent activity via multiple mechanisms such as
CDK4 mutation with loss of INK4 binding, CDK4 amplification, cyclin D1 amplification, translocation or

overexpression (Shapiro 2006).

Pre-clinical studies indicated a role for CDK4/6 inhibition in ER-positive breast cancer cells, including
oestrogen-resistant and sensitive models. CyclinD1 amplification is common in ER-positive breast
cancer, found in 29% of luminal A cancers and 58% of luminal B cancers (Network 2012). Antioestrogen
therapy results in the arrest of ER-positive breast cancer cells. It is associated with reduced cyclin D1
expression, while the emergence of endocrine resistance is linked to the persistence of cyclinD1

expression and Rb phosphorylation (Watts et al. 1995; Thangavel et al. 2011).

The role of CDK4/6 inhibition in endocrine-resistant ER-positive breast cancers cells emerged during
the evaluation of the CDK4/6 inhibitor - palbociclib in vitro. It demonstrated most activity in luminal
cancers, including those with oestrogen resistance (Finn et al. 2009). Thus, palbociclib is now indicated
in combination with any Al as first-line endocrine treatment of advanced or metastatic ER-positive,
HER2-negative breast cancer and in combination with fulvestrant in second-line treatment (Brufsky

and Dickler 2018).



Oestrogen-independent ER functions:

Constitutive activation of ER by ESR1 gene mutations

It has been established in other cancers like lung cancer that resistance to targeted therapies such as
EGFR inhibitors can be related to the appearance of new mutations in the target oncogene (Pao et al.
2005). Therefore, the attention has focused on the mutations in the oestrogen receptor 1 (ESR1) gene,
which encodes ERa in breast cancer. It has been established that ESR1 mutations are sporadic in ER-
positive primary tumours or treatment naive tumours but are more frequent in metastatic and pre-
treated ER-positive breast cancers (TCGA 2012). There have been several studies that have reported
multiple ESR1 mutations at different frequencies. Toy et al. (2013) found ESRI mutationsin 11% in ER-
positive metastatic cancers previously treated with Als, and only 3% in pre-treatment tumour biopsies
from the BOLERO-2 trial (Baselga et al. 2012). Jeselsohn et al.(2014), in their study, found an ESR1
mutation rate of 12% in ER-positive breast cancers and 20% in a subset of heavily pre-treated patients.
Fribbens et al. (2016) analysed archival plasma samples of ER-positive metastatic breast cancer
patients. They found ESR1 mutations rates of 25% in patients with progression on endocrine treatment

in the PALOMAS3 study (29% in prior Al therapy) and 39% of patients with prior Als in the SOPHEA trial.

The most frequent mutations are located at two residues in the ligand-binding domain (LBD):
replacement of tyrosine with serine, cytosine and asparagine at residue 537 (p.Y537S/C/N) and
replacement of aspartic acid with glycine at residue 538 (p.D538G), Figure 1. These mutations cause
ligand-independent oestrogen receptor transcriptional activity, resulting in resistance to tamoxifen
and Als (Jeselsohn et al. 2014). The two most common ESR1 p.D538G and p.Y537S mutations have
been associated with activation of the Insulin-like growth factor (IGF) pathway resulting in increased
growth stimulation in cell line assays (Li et al. 2018d). ESR1 mutations have therapeutic application as
Toy and Jeselsohn studies revealed partial resistance to tamoxifen and fulvestrant, which potentially
can be revoked by increasing the dose (Murphy and Dickler 2016). Furthermore, in a study by Toy et
al. (2017) the degree of ER-independent activities and reduced sensitivity to ER antagonists were
assessed for each ESR1 mutation. It was found that p.Y537S caused a significant change in ER activity
associated with fulvestrant resistance in vivo. Using xenografts models group identified that fulvestrant
could inhibit wild-type, p.E380Q, p.S463P fully and nearly inhibit p.D538G ER driven cancers, but
p.Y537S was only partially inhibited despite higher dosing of fulvestrant (Toy et al. 2017). However,
this effect has not been confirmed in clinical settings in the plasmaMATCH trial. Fulvestrant activity
was similar in patients with and without ESR1 mutations (Turner et al. 2020). Moreover, the
researchers found that patients with p.Y537S mutations were no less sensitive to fulvestrant than

those with other ESR1 mutations (Turner et al. 2020).



There are currently novel selective oestrogen receptor degraders (SERDS) in the development that
have improved drug properties with the potent antagonist and degradation activities against wild-type
and Y537S mutated breast cancers (Shomali et al. 2021). Although the pre-clinical studies are

promising, the clinical efficacy is yet to be tested in large, randomised clinical trials.

Robinson et al. (2013) and Toy et al. (2013) proved that LBD mutations result in constitutive, ER-
independent receptor activity. It has also been reported that mutant ER causes the expression of novel
target genes (Toy et al. 2013). Some studies suggested that LBD mutations induce increased interaction
with coactivator AIB1 and increased phosphorylation of $118, which is essential for the ligand-
dependent and independent ER activity (Ali et al. 1993; Lannigan 2003). All these studies highly suggest
that ESR1 LBD mutations cause highly active ER receptors in the absence of oestrogen and result in

resistance to Al therapy (Oesterreich and Davidson 2013).

Toy et al. reported that 67.4% of all patients with ESR1 mutation were treated with Als but 32.6% not
received Als (Toy et al. 2017), suggesting that ESR1 mutations could appear due to other treatments.
Also, 18.8% of ESR1 wild type patients were treated with Als. However, they have not developed
somatic mutations; this group was not characterised by the duration of Als exposure or metastatic
sites. Toy et al. reported that ESR1 mutations were most frequent in patients with liver and bone
metastases, and no ESR1 mutations were found in brain metastases (Toy et al. 2017). However, the
relation of the metastatic site with prior treatment and treatment duration was not assessed.
Therefore, it is unknown what duration of Als is needed to develop ESR1 mutation, or maybe patients
with other than the liver or metastatic bone site will less likely develop those mutations. Potentially,
most of the patients with wild type ESR1 could have brain metastasises, which will not develop ESR1

mutations despite being on Al treatment.

Cross-talk between growth factor signalling pathways and ER

While data for ESR1 alterations are consistent with the reduction of tumour dependence on oestrogen,
it does not indicate that tumours are entirely dependent on ER signalling for tumour growth (Toy et al.
2017). Many studies have reported that amplification and overexpression of growth factors such as
type | growth factor receptors, epidermal growth factor receptor (EGFR), human epidermal growth
factor receptor HER2 and HERS3, fibroblast growth factor receptor 1 (FGFR1) and Insulin-like growth
factor 1 receptor (IGF1R) are associated with the development of endocrine resistance (Ellis et al. 2006;
Frogne et al. 2009; Turner et al. 2010; Fox et al. 2011). The pathways of these receptors join at the
RAF/MEK/ERK and PI3K/AKT/mTOR pathway (Murphy and Dickler 2016), Figure 3.



Figure 3. Cross-talk between ER signalling and growth factor signalling pathways, image adapted from
(Skandalis et al. 2014)
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Overview of the PI3K/AKT pathway and role in endocrine resistance

The PI3K/AKT pathway has been intensively investigated in cancer because of its significant role in cell
survival and anti-apoptotic functions (Nitulescu et al. 2018). Various pathogenic mechanisms, including
mutations that activate the catalytic subunit of PI3K, mutations in AKT1, AKT2, PDK1 and loss of
inhibitory function of PTEN and INPP4B, growth factors receptors, and the amplification of the genes
encoding PI3K or AKT can lead to activation of PI3K/AKT pathway in cancer cells (Fu et al. 2013; Wang
et al. 2017a). Furthermore, Miller et al. (2011a) suggested that the hyperactivated PI3K/AKT pathway
promotes oestrogen-independent ER function. Conversely, the inhibition of this pathway increases
oestrogen-dependent ER function; therefore, it has been suggested that combination therapy of PI3K

inhibition and endocrine therapy could be used in resistant breast cancer (Murphy and Dickler 2016).

PI3K is an enzyme that belongs to the phosphatidylinositide 3-kinase family (Raynaud et al. 2009). It
has been divided into three classes (1, II, lll) based on different structures and specific substrates (Katso
et al. 2001; Engelman et al. 2006). Class | PI3K is comprised of classes IA and IB. Class IA PI3K is mostly
implicated in human cancer. It consists of two subunits: p85 regulatory unit and p110 catalytic subunit

(Donahue et al. 2012). The catalytic subunit (p110) occurs in 4 isoforms: p110a, B, y, and 6. The p110a



isoform is encoded by PIK3CA gene, which can be mutated up to 40% in breast cancers (Campbell et
al. 2004; Levine et al. 2005; Saal et al. 2005; Arthur et al. 2014).

The p85 regulatory unit integrates and binds signals from various transmembrane and intracellular
proteins such as tyrosine kinase-associated receptors, protein C (PKC), Src homology 2 domain-
containing protein tyrosine phosphatase 1 (SHP1), Rac, Pho, hormonal receptors, Src and mutated Ras
(Hennessy et al. 2005). This causes the integration point for activation for p110 and molecular
downstream. The overview of the PI3K/AKT pathway is presented in Figure 4 (Yang et al. 2019). The
PI3K/AKT pathway's main key downstream effector is the mammalian target of rapamycin (mTOR)
protein kinase complex and occurs in two distinct multiprotein complexes mTORC1 and mTORC2
(Lauring et al. 2013). AKT1 phosphorylation increases mTORC1 activity with subsequent effects on

cellular metabolism and protein synthesis (Murphy and Dickler 2016).

Figure 4. Overview of the PI3K/AKT/mTOR pathway, image adapted from (Yang et al. 2019).
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Activation of PI3K signalling

In physiological conditions, the p110 catalytic subunit is stabilised in the dimer with the regulatory p85

subunit (Manning and Cantley 2007). Normally, PI3K is activated by various extracellular factors like
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growth factors, hormones and cytokines (Guo et al. 2015). Activated PI3K converts by phosphorylation
phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3). The
PIP3 binds to lipid-binding domains of downstream targets such as a subset of pleckstrin-homology
(PH), FYVE, Phox , C1, C2. Kinases like PDK1 and AKT binds to lipid products of PI3K and are thus
confined to the cell membrane to activate cell growth and cell survival pathways (Manning and Cantley
2007). Phosphatase and tensin homologue encoded by the PTEN gene regulates the pathway by
dephosphorylation of PIP3 to PIP2 and prevents activation of the AKT signalling pathway (Hennessy et
al. 2005). The PI3K/AKT pathway has been dysregulated in human cancers. Mutations in genes
encoding kinases or/and decreased expression of PTEN can lead to cancerogenic transformation
(Hennessy et al. 2005). Also, pathological stimulation of the PI3K/AKT pathway can occur through other
ways such as tyrosine kinase growth factors (epidermal growth factor receptor 2 - EGFR2 or insulin-
like growth receptor 1 - IGR1), cell adhesion molecules (integrins, GPCR), and oncogenes like RAS

(Bauer et al. 2015).

In addition, non — coding RNAs (ncRNAs) have been described as an important regulator of the
PI3K/AKT pathway (Dong et al. 2014; Benetatos et al. 2017). The ncRNAs can directly or indirectly
target multiple components of the pathway (PI3K, AKT, PTEN, mTOR), regulating the signalling activity.

However, the mechanism of action has not been fully understood.

PIK3CA mutations

The subunit p110a isoform is encoded by PIK3CA gene, located on chromosome 3 (Arthur et al. 2014).
The frequency of PIK3CA mutations is similar in primary and metastatic breast cancers, with usually
high concordance between matched samples for PIK3CA status (Meric-Bernstam et al. 2014). However,
Jensen et al. (2011) reported instances where metastases were wild type in patients with PIK3CA
mutant primary tumours and highlighted that PIK3CA status could change between primary and
metastatic disease. This is an important aspect for trials when selecting the type of tissue for PIK3CA

testing prior to PIK3CA inhibitor therapy.

The most common PIK3CA mutations are reported around two specific coding sequences (exons 9 and
20). Two of the most frequent mutations, E542 and E545, are located within the helical domain (exon
9), often substituted with lysine (Bachman et al. 2004). Another residue, H1047, placed in the kinase
domain (exon 20), is frequently substituted with arginine (Bachman et al. 2004). Functional studies
suggested that these PIK3CA mutations lead to increased PI3K activity (lkenoue et al. 2005; Jiang et al.

2018). In colorectal cancer, exon 9 play a more important role than exon 20, but in endometrial, the
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opposite was described (Zhao and Vogt 2008). This is controversial in breast cancer, as some studies
described that patients with exon 20 mutations have better survival than wild-type, but exon 9
mutations have worse survival than wild-type (Wu et al. 2019). Other studies reported that patients
with exon 20 have a worse prognosis (Mosele et al. 2020). The coexistence of mutations in both helical
and kinase domains leads to synergistic enhancement of p110 activity and cancerogenic enhancement
(zhao and Vogt 2008). Mutations found in the C2 domain are also essential and can play a role in the
dysregulation of the pathway (Croessmann et al. 2018). Dysregulation of the PI3K pathway stimulates
cell proliferation, migration and angiogenesis, promoting cancer initiation, progression and

maintenance (Levine et al. 2005).

In addition, mutations in other catalytic subunits p110pB, p110y and p1106 are rare, but overexpression
of these subunits can induce an oncogenic phenotype in cultured cells (Yang et al. 2019). Subunit
p110B plays a vital role in promoting cell proliferation, invasiveness, and tumorigenesis in breast
cancer (Dbouk et al. 2013). PI3K& is important in T and B cells development and is activated by cytokine
receptors, antigen receptors, growth factor receptors and costimulatory receptors (Fung-Leung 2011).
Furthermore, p1108 protein has been detected in breast cells, and it has been reported to regulate
cell migration in breast cancer lines and tumour progression (Sawyer et al. 2003). PI3Ky is mainly
expressed in immune cells but not cancer cells, regulating innate immunity in cancer and inflammation

(Kaneda et al. 2016).

The frequency of PIK3CA mutations in breast cancer ranges from 16.4 to 45% (Samuels and Waldman
2010). However, the association between PIK3CA mutations and specific clinicopathological features
of breast cancer is still debated. Furthermore, the relationship between PIK3CA mutations in breast
cancer patients and overall survival (OS) and disease-free survival (DFS) remains controversial. Some
studies have found that breast cancer patients with PIK3CA gene mutations have improved OS and DFS
rates compared with breast cancer patients lacking such mutations (Dupont Jensen et al. 2011).
Conversely, other studies have found that PIK3CA mutations are correlated with poor outcomes (Li

et al. 2006; Lai et al. 2008).

Loss or inactivation of PTEN

PTEN is a negative regulator of the PI3K/AKT pathway. It inhibits PI3K activity through
dephosphorylation of PIP3 to PIP2 (Yang et al. 2019). PTEN is a well-described tumour suppressor gene
and plays an important role in growth, survival and metabolic regulatory functions. Loss or inactivation

of PTEN leads to increased PI3K signalling and tumorigenesis (Papa et al. 2014). Furthermore, it has
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been reported that the main tumorigenic driver in PTEN-deficient cancers is the overactivation of AKT,
caused by the loss of PTEN lipid phosphatase function (Papa et al. 2014; Haddadi et al. 2018). In mice,
PTEN mutations such as PTEN C124S and PTEN G129E can inhibit the PTEN activity leading to increased
PI3K signalling pathway and tumorigenesis (Papa et al. 2014). PTEN mutations can have a similar effect

in humans.

AKT mutations

The next crucial downstream target of PI3K is the serine/threonine kinase AKT, consisting of three
isoforms (AKT1, AKT2, AKT3) (Scheid and Woodgett 2001; Vivanco and Sawyers 2002). It has a vital role
in many cellular functions, including cell cycle progression, neovascularisation, glucose metabolism
regulation, genome stability, transcription, and protein synthesis. AKT stimulates cell survival by
mediating cellular growth factors and inhibiting apoptosis by inactivation of pro-apoptotic proteins
(Bellacosa et al. 2005; Nitulescu et al. 2018). Activated AKT phosphorylates multiple proteins located
either in the plasma membrane, in the cytosol or nucleus, promoting cell growth and survival. AKT
phosphorylates target such as PRAS40, a component and regulator of mTOR complexes, the cell cycle
inhibitors p21, p27, the actin-associated protein palladin, and vimentin. All play a role in enhancing

tumour invasion, motility and metastatic growth (Hers et al. 2011).
AKT contains three domains: An amino-terminal — N terminal, a central and a carboxyl-terminal
fragment - C terminal, Figure 5. The N-terminal domain, a pleckstrin homology (PH) domain, interact

with membrane lipid products such as PIP3 and PIP2 (Nitulescu et al. 2018).

Figure 5. AKT protein domains, image from (Cerami et al. 2012; Gao et al. 2013).
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The AKT signalling is activated by various signals, including receptor tyrosine kinases (RTKs), integrins,
T and B cell receptors, cytokine receptors and GPCRs (Jhaveri and Modi 2015). AKT is triggered by

recruitment to the plasma membrane through direct contact of its PH domain with PIP3 and
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phosphorylation at Thr308 and Ser473 by two kinases: 3-phosphoinositide-dependent protein kinase
(PDK1) (Williams et al. 2000) and DNA-dependent protein kinase (previously called PDK2) (Feng et al.
2004).

Most common AKT mutation is p.E17K, a driving mutation with a high frequency of about 15% of all
AKT1-3 mutations in cBioportal data. It activates AKT signalling and can transform cells (Yi and Lauring
2016). However, Yi et al. (2016) also shown that non-p.E17K AKT variants are mainly passenger
mutations with no effect on drug sensitivity. Several studies reported a connection of AKT with breast
cancer origination (Renner et al. 2008), poor prognosis (Schmitz et al. 2004), metastasis (Li et al. 2014),
resistance to chemotherapy (Clark et al. 2002) and hormonal therapy (Pérez-Tenorio and Stal 2002;
Kirkegaard et al. 2005). The importance of AKT in cancer has become a target for anticancer therapy,
and many companies have been working on finding selective and potent inhibitors. This also gave the

basis to use AKT inhibitor in the FAKTION trial.

1.3 Role of Copy Number Variations in Endocrine Resistance

The most common amplified and best described gene in breast cancer is the ERBB2 Receptor Tyrosine
Kinase 2 (ERBB2) gene located in the 17q21-24 chromosome that encodes the HER2 protein, which is
overexpressed in 25-30% of breast cancers (Hudis 2007). Other frequently amplified genes in breast
cancer are MYC and FGFR1. MYC gene encodes a transcription factor, a key regulator of cell growth,
metabolism, proliferation, differentiation and apoptosis. MYC is amplified in about 15% of breast
cancers and is associated with a high risk of relapse and death (Green et al. 2016). FGFR1 encodes
tyrosine kinase receptor, which belongs to the fibroblast growth factor receptor family and is amplified
in 9 - 15% of breast cancers (Turner et al. 2010). FGFR1 amplification has been linked with poor
prognosis in breast cancer (Turner et al. 2010; Jang et al. 2012). In addition, all three amplifications
have been associated with endocrine resistance. In addition, MYC amplification is related to resistance

to the PI3K/AKT1 pathway inhibitors (Dey et al. 2015).

1.3.1 HER2 Amplification Role in Endocrine Resistance

HER2 amplification is associated with a high risk of relapse and worse clinical outcome but can be
effectively treated with anti-HER2 therapy (Arteaga et al. 2011; Heredia et al. 2013; Ha et al. 2014).
The HER2 status of metastatic lesions is not always concordant with the primary tumour. It was
reported that the HER2 status of the primary and metastatic lesions was concordant in only 66% of

patients. The rate of molecular conversion from a primary HER2-negative tumour to HER2-positive
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metastatic breast cancer was about 10% (Regitnig et al. 2004; Lower et al. 2009). This suggested that
the molecular conversion of the primary breast cancer occurred during disease progression. Agents
that target the HER2 family of growth factor receptors are anti-HER2 antibodies (trastuzumab,
pertuzumab) and small molecule tyrosine kinase inhibitors (lapatinib).

In addition, pre-clinical and clinical evidence suggests that HER2 overexpression plays a role in the
development of endocrine resistance, especially after tamoxifen (Shou et al. 2004). The data from
various studies indicate that cancers switch from ER to HER2 and vice versa as the favoured signalling
pathway, with anti-HER2 therapy leading to an activation of the ER or HER2 pathway (Gutierrez et al.
2005; Creighton et al. 2008). The dependence of both pathways has been highlighted in metastatic
breast cancer (MBC) patients who have been treated with an Als or fulvestrant and had progressed
with trastuzumab or lapatinib (Rani et al. 2019). Based on evidence suggesting that cross-talk between
the ER and HER2 pathways stimulates endocrine therapy resistance, Figure 6 (Schettini et al. 2016),
several clinical trials examined inhibition of HER2 and ER pathway (Bender and Nahta 2008). ATAnDEM
phase Ill study confirmed that combination therapy of the ER and HER2 inhibition benefited dual ER
and HER2 positive patients (Kaufman et al. 2009). Patients were treated with trastuzumab plus
anastrozole, and this study showed an improved PFS compared with the women on anastrozole alone
(Kaufman et al. 2009). In similar a phase Il trial, the combination of letrozole and trastuzumab was
tested in patients with ER and HER2-positive advanced breast cancer (Marcom et al. 2007). The overall
response rate was 26% with a clinical benefit rate of 52%, implying a possible benefit from combination
letrozole and trastuzumab in patients with ER and HER2-positive breast cancer. Interestingly, in
another phase Ill study, a combined treatment with Al and lapatinib (anti-HER2 therapy) or Al alone,
showed a benefit in the combination arm with a significantly higher PFS in MBC with ER/HER2-positive
tumours (Johnston et al. 2009). Breast cancers driven by a HER2 amplified mechanism are recognised
to be resistant to endocrine therapy (Johnston et al. 2009; Kaufman et al. 2009; Schwartzberg et al.

2010).

Furthermore, acquired HER2 mutations can cause endocrine resistance in a proportion of patients with
ER-positive MBC (Rani et al. 2019). Hotspot mutations in the HER2 gene (p.D769Y, p.L755S, and
p.S310Y) were identified by a whole-genome study (Razavi et al. 2018). These mutations are common
in ER-positive MBC patients (Croessmann et al. 2019). They lead to ER independence and resistance to
the first-line endocrine therapy, including tamoxifen, fulvestrant, and CDK4/6 inhibitor — palbociclib
(Fox et al. 2011; Rani et al. 2019). A combination of endocrine therapy with neratinib (a pan-HER2
inhibitor) can be effective therapy (Nayar et al. 2019). In the ExteNET phase lll trial, the greater efficacy
of neratinib was attributed to the successful inhibition of cross-talk between ER and HER2 (Johnston

2010). Patients with these cancers benefited from neratinib in the extended adjuvant therapy post-
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trastuzumab. This trial showed improved disease-free survival (DFS) for the neratinib group compared
with the placebo arm (Chan et al. 2020). Based on that trial FDA has approved neratinib in the adjuvant
setting in patients with early HER2 amplified disease (Deeks 2017; Singh et al. 2018; Delaloge et al.
2019).

The accurate HER2 status assessment is critical as it allows patients to receive HER2-targeted therapy,
which could lead to better survival outcomes (Tchou et al. 2015; Kim et al. 2018). There is a possibility
that the additional benefit of targeted therapy is separate from the endocrine pathway. However, pre-
clinical studies suggest cross-talk between signalling pathways. Therefore, the acquired resistance to
Als in ER-positive/HER2-negative cancers may be caused by HER2 upregulation or adaptive epidermal
growth factor receptor (Miller and Larionov 2012). This could potentially be delayed or prevented by

drugs directed against these targets if only patients were tested at progression to hormonal therapy.

Figure 6. Cross-talk between ER and HER2 pathways, image adapted from (Schettini et al. 2016).
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1.3.2 MYC Amplification Role in Endocrine Resistance

The oncogenic transcription factor MYC, which encodes a c-MYC protein, is a well-known oestrogen
receptor-regulated gene (Shang et al. 2000; Wang et al. 2011). MYC plays an essential role in cell
proliferation, growth, differentiation, survival and apoptosis (Grandori et al. 2000). MYC regulates
glutamine metabolism in cancer cells and has been linked to endocrine resistance (Miller et al. 2011b;
Shajahan-Haq et al. 2014; Chen et al. 2015; Green et al. 2016). Chen, Z. et al.(2015) have shown in pre-
clinical studies that glutamine metabolism was independent of oestrogen but still required oestrogen
receptor (ER) in Al resistant breast cancer cells. The expression of MYC oncogene was upregulated
through the cross-talk between ER and HER2 in Al resistant breast cancer cells. ER down-regulator,
fulvestrant blocked MYC expression in Al resistant breast cancer cells. This suggested that MYC is
upregulated by constitutively activated ER in Al resistant breast cancer cells. Inhibition of MYC
decreased Al resistant breast cancer cell proliferation. They have shown that HER2 regulates MYC
expression via the MAPK pathway and activation of ER, Figure 7. However, the AKT inhibitor did not
reduce, MYC expression despite decreased phosphorylation of AKT and ERa in Al resistant breast

cancer cells (Chen et al. 2015).

Figure 7. Cross-talk between ER and HER2 in Al resistant breast cancer cells, image adapted from (Chen et
al. 2015).
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In mouse models of breast cancer, PIK3CA activating mutations led to mammary tumours in mice and
sustained PI3K signalling was essential to maintain malignant mammary tumours (Liu et al. 2011).
However, after the withdrawal of inducible PIK3CA p.H1047R, a significant proportion of mammary
tumours restarted growth in PIK3CA-independent manner, and genomic analysis revealed
amplification of MYC and MDM?2 in these tumours (Liu et al. 2011). Equally, forced MYC expression
causes resistance to otherwise sensitive PIK3CA p.H1047R mutant mammary tumours (Liu et al. 2011).
Several human breast cancer databases confirm increased MYC amplification in PIK3CA mutant breast
cancers ranging from 27-47% (Dey et al. 2015). Together, this data highlighted that MYC is a vital
regulator and plays a role in resistance to PI3K/AKT/mTOR targeted therapies (Liu et al. 2011). It has
been suggested that to achieve better responses to PI3K/AKT pathway inhibitors, better patient

selection based on tumour testing will be required (Dey et al. 2015).

Figure 8 shows the mechanisms of resistance to PI3K-mTOR targeted therapy described by Tan et al.
(2013). This therapy can induce PI3K-dependent and MYC-dependent resistance mechanisms.
Inhibition of the PI3K/AKT pathway activates MYC signalling through PDK1-dependent MYC
phosphorylation and MYC amplification, parallel to PIK3CA-dependent AKT and MAPK activation,
decreasing the therapeutic effect of PI3K-mTOR targeted therapy (Tan and Yu 2013).

Figure 8. Potential mechanisms of resistance to PI3K-mTOR inhibitors in human cancers, image adapted
from (Tan and Yu 2013).
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1.3.3 FGFR1 Amplification Role in Endocrine Resistance

The fibroblast growth factor receptor (FGFR) family includes five transmembrane receptors (Perez-
Garcia et al. 2018). Over the past few years, extensive research has confirmed the vital role of FGFR
signalling in cancer cell proliferation, angiogenesis, and survival (Turner and Grose 2010; Babina and
Turner 2017), Figure 9. FGFR1 amplification occurs in approximately 14% of breast cancers,
predominantly in the ER-positive/HER2-negative subtype (Elbauomy Elsheikh et al. 2007; Turner et al.
2010; Helsten et al. 2016; Drago 2017). It has been associated with poor prognosis (Turner et al. 2010).
Also, studies have shown that FGFR1 overexpression is robustly associated with FGFR1 amplification
(Turner et al. 2010). In vitro studies demonstrated that FGFR1 amplified breast cancer cell lines express
enhanced ligand-dependent signalling with increased activation of the PI3K/AKT and MAPK signalling
pathways in response to fibroblast growth factor (FGF) (Turner et al. 2010). Also, the cells express basal
independent signalling and are dependent on FGFR signalling to encourage independent growth. This
suggests that FGFR1 expression is essential for the survival of FGFRI-amplified breast cancer cell lines
and supports the oncogenic potential of FGFR1 amplification (Reis-Filho et al. 2006; Elbauomy Elsheikh
et al. 2007).

Figure 9. The FGFR Signalling pathway, image adapted form (Perez-Garcia et al. 2018).
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Several studies have confirmed the clinical and biological importance of FGFR1 amplification. First,
FGFR1 gene amplification was primarily reported as significantly correlated with shorter overall
survival, mainly in ER-positive breast cancer (Reis-Filho et al. 2006). Subsequently, Turner et al. (2010),
established an association between FGFR1 amplification and resistance to endocrine therapy. They
demonstrated that FGFRI-amplified cell lines showed resistance to an active metabolite of tamoxifen
(4-hydroxytamoxifen). These findings confirmed that FGFR1 amplification had been related to a
shorter time to progression on first-line endocrine therapy in patients with ER-positive metastatic

breast cancer (Racca et al. 2016; Drago 2017).

FGFR1 amplification has also been treated as a predictive marker for lack of efficacy CDK4/6 inhibitors
(Formisano et al. 2017). Experiments in vitro have shown that FGFR1-amplified cell lines and xenografts
are resistant to oestrogen deprivation, fulvestrant, and palbociclib compared to FGFRI-nonamplified
models. Also, the group has shown that this resistance to fulvestrant can be overcome by TORC1
inhibition but not by PI3K or CDK4/6 inhibition (Drago et al. 2019). These results suggested that FGFR1
amplification is responsible for broad resistance to ER, PI3K, and CDK4/6 inhibitors (Drago et al. 2019).

However, resistance to AKT1 inhibitors was not explored.

Despite a clear rationale to target the FGFR signalling pathway in breast cancer, the results from
various clinical trials testing FGFR inhibitors have shown no sufficient clinical efficacy, even in patients
specifically selected (Perez-Garcia et al. 2018). The reason for this has not been identified. There have
been some suggestions that FGFR1 amplification might not be the sign to allow for the identification
of sensitive patients. Furthermore, FGFR amplification might not be sufficiently significant to promote
breast cancer growth or might not be a driver in breast carcinogenesis, or patients with FGFR1
amplification are not reliably identified with methods used (Perez-Garcia et al. 2018). However, most
of these studies and trials have been focusing on one FGFR1 target. Drago et al. (2019) has pointed out
that patients with FGFR1 amplification were more likely to have co-existent TP53 mutation and PR-
negative disease. Patients with co-existent TP53 had shorter PFS in response to endocrine therapy and
CDK4/6 inhibitor. No studies looked at other co-existence amplifications such as MYC and HER2
amplification combined with other SNVs like TP53, which could answer why previous trials with

targeted anti-FGFR therapy failed or have not shown the full benefit of targeted therapy.

The pre-clinical studies also revealed that FGFR1 amplification enhanced PI3K and MAPK signalling
pathways, leading to resistance to endocrine therapy (Rugo et al. 2016). Dysregulated PI3K/AKT
pathway is frequently seen in cells with FGFR1 amplification and overexpression (Turner et al. 2010).

It has been reported that the response to the PI3K inhibitors is decreased in ER-positive, PIK3CA mutant
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breast cancer cells that have FGFR1 amplification (Mayer et al. 2017). This raises the question, whether

AKT inhibitors would also have a reduced effect in FGFR1 amplified breast tumours?
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1.4 Targeting the PI3K/AKT Pathway and Clinical Trials

Multiple studies reported an association of the PI3K/AKT pathway with resistance to endocrine

therapy. Therefore, many laboratories started working on therapeutics that target the PI3K/AKT

pathway, such as mTOR inhibitors, PI3K inhibitors and AKT inhibitors, Figure 10. There have been

multiple trials with novel drugs inhibiting multiple PI3K/AKT1 pathway targets, Table 1.

Figure 10. Targeting the PI3K pathway in cancer, image adapted from (LoRusso 2016).
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Table 1. Clinical trials that include targeted therapy to overcome endocrine resistance.

Trial Pri Pri PFS 0s Clinicltrials.
Target Drug name rial name Phase rior Control arm | Investigational arm r|ma.ry ORR (%) m} c rla' s g0 Status
ID therapy endpoint (months) | (months) v identifier
TOR linical
mo Evelorimus . i NO LET LET + everolimus | & NA NA  |59.1vs 68.1| NCT00107016 | completed
inhibitor response
BOLERO-2 1 NSAI EXE EXE + evelorimus TTP 7.8vs 3.2 |26.6vs 31 NCT00863655 | completed
LET + everolimus
BOLERO-4 I NO single arm then EXE + PFS 22 then 3.7 NA NA NCT01698918 active
evelorimus
1. Evelorimus o8 1293
BOLERO-6 1l Al 2' Capecitabine 3. EXE + evelorimus PFS 2-9.6 2- 25.6 NA NCT01783444 | completed
ol 3-84 3-231
CB at 24 Not CBR at 6
TAMRAD ] Al TAM TAM + evelorimus weeks 8.5vs. 4.5 | reached | mo61 vs. | NCT01298713 | completed
vs. 32.9mo 42
Tensirolimus [ HORIZON 11l NO LET LET + tensirolimus PFS NA NA NA terminated
dual Everolimus
MLN0128 CBR at 16 .
TORC1/2 X R - il +EXEor | MLNO128 + EXE MLNO0128 + FUL 41vs3.4 |159vs 14| 45vs 23 NCT02049957 | ongoing
A Sapanisertib weeks
inhibitor Fulvestrant
. 1-54
PR 2. stt+FUL(Font) 276
. X MANTA I Al 1. FUL 3. Vist + FUL (inter) PFS NA NA NCT02216786 | completed
Vistusertib ) 3-8.0
4. Everolimus + FUL
4.12.3
6.9vs 5.0 33.2vs 30.4
Pan-PI3K [BKM120 33.2
.an. n L BELLE-2 I} Al FUL FUL + BKM120 PFS PIK3CA mut v PK3CA mut | NCT01610284 | completed
inhibitor Buparlisib 30.4
6.8 vs 4.0 26.0vs 24.8
gees | o | Aend FUL FUL + BKM120 PES 39w1g | 2% NA | NCT01633060 | terminated
mTORi 221
BELLE-4 1] NO PTX +placebo BKM120 + PTX PFS 8vs 9.2 NA NA NCT01572727 | completed
BYL719 = .
alpelisib SOLAR-1 1] Al FUL FUL + alpelisib PFS 5.7vs 11 NR 12.8 vs 26.6 [ NCT02437318 active
23.6 tive, not
Taselisib | Sandpiper | i Al FUL FUL+ taselisib PFS 54vs7.4 Y| 12v28 | NcTo2340221 | 2MVE MO
26.8 Recruiting
dual XL147 PFS at 6
i isi MTD/ORR/P 9 leted,
pI3k/mToR | Plaralisib ; il Al pilaralisib + LET|  voxtalisib + LET /ORR/P | mo17%vs |\ 4vs0 | NCTO1082068 | 0P €t
s XL765 FSat6mo |8% PFS2 terminated
inhibitor .
voxtalisib vs 2
dual GDC0941 6.6vs 5.1
FUL + pictilisib g 7.9 vs. UN
PI3K/mTOR | pictilisib FERGI i Al FUL pICEIS! PFS  [PIK3CAmUt |  NA v NCT01437566 | completed
. vs.FUL + GDC0980 vs. 6.3
inhibitor GDC0980 6.5vs 5.1
AZD5363 i rtib +
Aktinhibitor| 22> | BEECH | /i yes | CAPVASERDT o ivasertb+wPTX|  PFS | 84vs109 | ns NA | NCT01625286 | completed
capivasertib WPTX vs. wPTX
AZD5363 Il capivasertib 480, Biomarker
STAKT NO laceb NA NA NA NCT02077569 leted
capivasertib W00 PEESS 360, 240mg dose analysis CREE
AZD5363 FAKTION I/1l Al FUL FUL+ capivasertib PFS 4.8vs10.6 NR NA NCT01992952 | completed
ORR and terminated
MK2206 - I YES Monotherapy MK2206 an NA NA 4.7 NCT01277757 ermln’fl‘e
PFS at 6 mo - fultility
CDK4/6 - _— e .
inhibitor palbociclib PEARL 1] NSAI Capecitabine EXE + palbociclib PFS 11vs 8 NR NA NCT02028507 active
L MONALEESA L completed
ribociclib 1] NO LET LET + ribociclib PFS 16 vs 25.3 NR NA NCT01958021
-2 accrual
- . 373 vs completed
abemaciclib |[MONARCH 2| Il YES FUL FUL + abemaciclib PFS 9.3vs 16.4 NA NCT02107703
46.7 accrual
28.18 tive, not
abemaciclib |MONARCH 3| i NO Al Al + abemaciclib PES v NA NA | NCTo2763566 | 2V ™
14.76 trecruting
palbociclib | PALOMA-2 11l NO LET LET + Palbociclib PFS 14.5vs 24.8 NA 38vs 46 | NCT01740427 | completed
palbociclib | PALOMA-3 11l YES FUL FUL + Palbociclib PFS 4.6vs11.2 | 28vs 35 NA NCT01942135 | completed

FUL — fulvestrant, LET- Letrozole, EXE — Exemestane, Al — Aromatase inhibitors, NSAl — non-steroid aromatase
inhibitors, PFS — Progression-Free survival, TTP — Time to Progression, OS — Overall survival, NR — Not reported, NA
— Not Available, CB Clinical benefit, CBR — Clinical benefit rate, WOO — Window of opportunity.
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1.4.1 CDK4/6 Inhibition and Clinical Trials

Trials with CDK4/6 inhibitors, reported a significant PFS and OS improvement in combination with

endocrine therapy in patients with advanced ER-positive breast cancer.

PALOMA-1 phase Il trial compared palbociclib and letrozole with letrozole alone in patients with ER-
positive breast cancer (Finn et al. 2015). The combination therapy was associated with significantly
longer PFS (20.2 vs 10.2 months; p = 0.0004) (Finn et al. 2015). Overall survival was not as significant
(37.5 vs 34.5 months, p=0.28) (Finn et al. 2017). This landmark study led to accelerated approval by

the FDA for the combination treatment for advanced ER-positive and HER2-negative breast cancers.

Subsequently, PALOMA-2 phase Il trial was developed to confirm the benefit of palbociclib plus
letrozole over letrozole alone in patients with untreated ER-positive breast cancer. The combination
therapy of letrozole and palbociclib had longer median PFS (24.8 vs 14.5 months, p<0.001) (RS et al.
2016). PALOMA-3 phase Il trial compared palbociclib plus fulvestrant to fulvestrant alone in patients
who progressed on endocrine therapy. This trial met its primary endpoint of improved median PFS by
6.6 months (11.2 vs 4.6 months, p<0.0001). The combination improved OS by 6.9 months, although
this did not reach statistical significance (34.9 vs 28.8 months, P=0.09) (Turner et al. 2018).

The second CDK4/6 inhibitor - ribociclib, was approved by the FDA for the first-line treatment with any
Al in women with advanced ER-positive and HER2-negative breast cancers. The approval was based on
the outcome of MONALEESA-2 phase lll trial, favouring a combination of ribociclib and letrozole over
letrozole only. Updated results showed that median PFS was better for combination therapy (25.3 vs
16 months, p = 9.63 x 10®) however, OS data remains immature (Hortobagyi et al. 2019). Also,
ribociclib is investigated in MONALEESA-7 trial. The interim analysis reported a statistically significant
OS improvement in combination with endocrine therapy in premenopausal or perimenopausal

patients with ER-positive breast cancer (Im et al. 2019).

Another two phase Il trials (MONARCH-2 and MONARCH-3) assessed third CDK4/6 inhibitor
abemaciclib with fulvestrant (MONARCH-2) in advanced endocrine resistant ER-positive breast cancer
and with Al (MONARCH-3) in the first line setting for advanced ER-positive breast cancer. Both studies
reported improved PFS for combination therapy as initial treatment for patients with advanced ER-
positive breast cancer (28.18 vs 14.76 months, p =0.000002) in MONARCH-3 trial (Goetz et al. 2017),
and as well as a sequential treatment after progression on endocrine therapy (16.4 vs 9.3 months, p

<0.001) in MONARCH-2 trial (Sledge et al. 2019). MONARCH-2 trial also reported OS benefit of 9.4
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months (46.7 vs 37.3 months, p = 0.01) regardless of menopausal status. These trials have reported
significant PFS and OS improvements compared to trials with the PI3K/AKT pathway inhibitors. It would
be hard for PI3K/AKT inhibitors to compete in first-line treatment. However, possibly it could be a place
for these inhibitors in selected patients or in the next treatment line after progression on CDK4/6

inhibitors.

1.4.2 MTOR Inhibition and Clinical Trials

Several clinical studies reported improved progression-free survival (PFS) with inhibitors of the
PI3K/AKT pathway combined with endocrine therapies, Table 1. The mTOR inhibitors have been
developed, including everolimus (Novartis) (Tabernero et al. 2008) and temsirolimus (Wyeth) (Chan et
al. 2005) as rapamycin derivatives that inhibit mTOR through binding to mTORC1. Pre-clinical studies
showed synergistic inhibition of proliferation and induction of apoptosis when everolimus is combined
with Als. Several phase Il and Ill trials with mTOR inhibitor were completed in patients with ER-positive
breast cancers, and three main randomised trials reported efficacy data (Bachelot et al. 2012; Baselga

et al. 2012; Wolff et al. 2013), Table 1.

In BOLERO-2 phase Il study, the mTOR inhibitor everolimus improved PFS in combination with the
aromatase inhibitor exemestane (3.2 months versus 7.8 months, p < 0.0001) irrespective of the status
of the PI3K pathway, although at the cost of additional toxicity (Yardley et al. 2013; Hortobagyi et al.
2016). This has led to FDA and EMA approval of everolimus to be used in combination with exemestane
in patients who previously failed treatments with Als. However, the updated results did not find a
significant overall survival (OS) benefit for combination therapy, with a median OS of 31 months for

the everolimus arm versus 27 months for the placebo arm (HR = 0.89; p = 0.14) (Piccart et al. 2014).

Similarly, TAMRAD phase Il study randomised tamoxifen with everolimus versus tamoxifen alone in
patients with metastatic ER-positive breast cancer previously treated with endocrine therapy (Bachelot
et al. 2012). In this study, clinical benefit at six months was better for combination therapy than
tamoxifen alone (61 % versus 42 %, respectively, p = 0.045). Also, time to progression (TTP) was
superior in the combination arm (8.6 versus 4.5 months; HR 0.54, p = 0.0021), and also OS was
favourable for the combination arm (Bachelot et al. 2012). Interestingly, HORIZON phase Il trial that
randomised another combination of mTOR inhibitor - temsirolimus with letrozole versus letrozole plus
placebo as first-line endocrine treatment was terminated prematurely due to futility (Wolff et al.
2013). This trial's analysis showed no difference in PFS between the two arms (median PFS of 9 months,

p = 0.25) (Wolff et al. 2013).
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BOLERO-4 phase Il trial will determine the benefits from everolimus with letrozole in the first-line
settings and evaluate whether the lack of benefit seen with temsirolimus in the HORIZON trial was
related to the patient population. Although some preclinical studies have observed that the PI3K/AKT
pathway is activated after previous exposure to endocrine therapy, this will need to be confirmed in

clinical trials (Yamamoto-lbusuki et al. 2015).

BOLERO-6 phase Il trial randomised patients to three arms: everolimus plus exemestane, exemestane
alone, and capecitabine in patients who were exposed previously to endocrine therapy (Jerusalem et
al. 2018). This was the first trial that allowed direct comparison of endocrine therapy with mTOR
inhibitors with chemotherapy. In this study, the median PFS with everolimus plus exemestane was 8.4
months, consistent with reported in the BOLERO-2 study (7.8 months), and the PFS was longer than
arm with everolimus alone (6.8 months). There was a favourable PFS difference of capecitabine (9.6
months) versus everolimus plus exemestane (8.4 months). However, the authors pointed out that the
results needed to be interpreted cautiously because the capecitabine outcome was inconsistent with
previous capecitabine studies (PFS range, 4.1-7.9 months) (Jerusalem et al. 2018). It was reported that
the PFS difference between the two arms was possibly due to informative censoring in the setting of
an open-label study and possible imbalances in prognostic factors and baseline characteristics

(Jerusalem et al. 2018).

Unfortunately, the median OS for the combination of everolimus with exemestane in BOLERO-6 (23.1
months) was inconsistent with the BOLERO-2 study (31.0 months) (Piccart et al. 2014), with the same
median follow-up time (approximately four years). This could be due to smaller sample size of the
study (n =104 in BOLERO-6 versus n =485 in BOLERO-2) or due to different patterns of anticancer
therapies commenced between the two studies after treatment discontinuation. In addition, in
BOLERO-2, more patients were fitter with an ECOG performance status of 0, and fewer patients had
three or more metastatic sites than in the BOLERO-6 study. This highlights the fact of how basic
characteristics can be important and influence trials results. Interestingly, the median OS with
everolimus plus exemestane (23.1 months) was also shorter compared to everolimus alone (29.3
months) and capecitabine (25.6 months) in this study. However, the median OS for the capecitabine
arm was consistent with previous capecitabine studies (18.6-29.4 months) (Jerusalem et al.
2018). Unfortunately, the patient stratification was not based on biomarkers analysis which could
potentially help explain the results.

Many efforts have been put to identify potential biomarkers of benefit from mTOR inhibition in breast
cancer patients. TAMRAD trial examined 55 formalin-fixed paraffin-embedded (FFPE) primary samples,

using Immunohistochemistry (IHC) and suggested that everolimus is more effective in patients with
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high levels of p4EBP1 (a downstream effector of the mTOR pathway), implying that baseline mTOR
activation might be associated with sensitivity to mTOR inhibition (Treilleux et al. 2013). In BOLERO-2,
309 samples were tested with next generation sequencing and found that PFS for everolimus was
maintained regardless of the genetic alteration in PIK3CA, FGFR1 CCND1 (Hortobagyi et al. 2016).
Interestingly, the presence of PIK3CA mutations was not predictive of benefit from everolimus
treatment. This suggested that mTOR inhibitors' primary resistance might depend on the coexistence
of mutations or amplifications in other pathways. Therefore, combination therapy with other target
agents should be considered for these patients. However, this is not always possible as 1. Lack of or in
development of other target inhibitors; 2. Adding another target can add more toxicity to already toxic
treatment; 3. The new combination would require further trials in a selected and smaller group of
patients, which can be challenging to perform and take a long time. Another solution could be to
identify other co-existing targets prospectively and run future trials, excluding these patients or

randomised against standard treatment chemotherapy until a target is developed.

1.4.3 PI3K Inhibition and Clinical Trials

Other approaches have been developed to inhibit the PI3K/AKT pathway. The development of drugs
that inhibit the pathway at a proximal level of PI3K. There are two types of PI3K inhibitors in
development: Pan-PI3K inhibitors that target all isoforms of PI3K and the isoform-specific PI3K
inhibitors such as PI3K subunit a (Rodon et al. 2014). The isoform-specific PI3K inhibitors can better
block the target whilst minimising off-target side effects from inhibition of other isoforms (Rodon et
al. 2014). Several studies with pan-PI13K inhibitors include XL147 (pilaralisib) (Shapiro et al. 2014), GDC-
0941 (pictilisib) (Sarker et al. 2015), and BKM120 (buparlisib) (Rodon et al. 2014), Table 1.

Pan-PI3K Inhibitors

Buparlisib, as a single agent, showed a modest effect (Rodon et al. 2014). Subsequently, buparlisib was
studied in three phase Ill trials, in combination with fulvestrant in patients previously treated with an
Als (BELLE-2), after the resistance of mTOR inhibitor (BELLE-3) and also in combination with
chemotherapeutic drug — paclitaxel (BELLE-4), Table 1. Buparlisib showed minimal clinical activity in
BELLE-2 with a median PFS of 6.9 months versus 5 months (p=0.00021) for a combination of fulvestrant
and buparlisib (Campone et al. 2018). For patients with PIK3CA mutation, the benefit was only slightly
better but not significant (6.8 vs 4.0 months, p=0.014) (Campone et al. 2018). OS benefit (33.2 vs 30.4
months, p = 0.045, for PIK3CA-mutant 26.0 vs 24.8 months) was in favour of combination therapy but

again not significant and had an unfavourable toxicity profile.
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Another FERGI phase Il trial of GDC-0941 (pictilisib) in combination with fulvestrant did not show a
significant improvement in PFS in the combination group compared with placebo (6.6 vs 5.1 months,
respectively, p=0.096) (Krop et al. 2016). The combination arm showed no correlation in the subgroup
with PIK3CA mutation (6.5 vs 5.1, p=0.268) (Krop et al. 2016). However, patients with PIK3CA mutation
had a higher objective response rate (16 % vs 3.0 %, p=0.73) (Krop et al. 2016). Due to modest activity
and adverse toxicity profile, Pan-PI3K inhibitors are no longer in development for this indication. BELLE-
4 trial was terminated due to futility. BELLE-3 trial was closed early, and drug development was

stopped.

PI3K-a subunit inhibitors

However, Alpelisib, a PI3K-a subunit inhibitor, showed promising activity in early-phase trials with pre-
treated PIK3CA mutant breast cancers (Gonzalez-Angulo et al. 2013). Recently, phase Ill SOLAR-1 trial
reported the significantly improved efficacy of fulvestrant by 5.3 months (5.7 vs 11 months,
p=0.00065), but only in tumours with PIK3CA hotspot mutations (André et al. 2019), Table 1. This result
led to selected approval for alpelisib combined with fulvestrant in patients with ER-positive, PIK3CA
mutated advanced breast cancer. However, the side effects continue to be problematic. Furthermore,
a similar study with another PI3Ka inhibitor (taselisib) showed only two months advantage in PFS (5.4
vs 7.4 months, p=0.0037) in patients in PIK3CA mutant tumours. Thus, the unmet need remains for

patients with no PIK3CA mutation but have the PI3K/AKT pathway activated.

1.4.4 Dual Inhibition of PI3K and mTOR in Clinical Trials

The presence of a negative feedback loop in the PI3K/AKT pathway has been identified, in which
activation of mTORC1/S6K1 inhibits growth factor signalling to PI3K, using negative feedback to IGF-1
signalling (Yamamoto-lbusuki et al. 2015). Loss of this negative feedback mechanism occurs in tumours
exposed to mTOR inhibitors, especially those that block mTORC1, which leads to mTORC2 assembly
and an increase in phosphorylation of AKT Ser473 (Shah et al. 2004). Also, mTOR inhibition can lead to
an escape pathway to MAPK signalling (Shah et al. 2004; Gupta et al. 2007) and an up-regulation of
platelet-derived growth factor receptor (PDGFR) signalling (Gupta et al. 2007). Therefore, inhibition
from upstream to mTOR in the PI3K/AKT pathway might enhance the mTOR inhibition and maximise

an anti-tumour effect (Yamamoto-Ibusuki et al. 2015).

In order to overcome this AKT activation by the escape loop caused by mTORC1 inactivation, several

different approaches have been studied. The first one included PI3K and mTOR's dual blockade by
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combining a PI3K inhibitor with an mTOR inhibitor. The combination of alpelisib (PI3K-a subunit
inhibitor) in combination with everolimus (mTOR inhibitor) and exemestane was tested in the phase

IB study (Novartis 2020) but results have been not published yet.

Another approach includes mTORC1/mTORC2 complex inhibitors. These were studied in the four-arm
phase Il, MANTA trial with vistusertib in two different schedules (continuous or intermittent) combined
with fulvestrant versus fulvestrant and everolimus versus fulvestrant alone - control arm (Schmid et al.
2019). Unfortunately, there was no significant difference in PFS between those receiving a fulvestrant
with continuous or intermittent vistusertib and fulvestrant alone (5.4 vs 7.6 vs 8.0 months respectively,
p = 0.46). Thus, the trial failed to demonstrate the benefit of adding the dual mTORC1/2 inhibitor to
fulvestrant. However, median PFS of fulvestrant and everolimus (PFS = 12.3 months) was significantly
longer compared with fulvestrant plus continues vistusertib (7.6 months, p = 0.01) and to fulvestrant

alone (5.4 months, P =.01), Table 1.

1.4.5 AKT Inhibition and Clinical Trials

Several AKT inhibitors are currently being studied in clinical trials to establish their benefit, Table 1.
Most AKT inhibitors like MK2206, GSK2141795 and AZD5363 (capivasertib) are pan-AKT inhibitors that
block all three AKT isoforms (AKT1, AKT2, AKT3) (Hinz and Jicker 2019). AKT1/2 inhibitor had good
results in preclinical studies but failed in clinical trials due to toxicity (Pérez-Tenorio et al. 2014).
Therefore, no isoform-specific inhibitors are under clinical investigation. This is the opposite effect of
PIK3CA inhibitors, where specific isoform inhibitors are being developed, such as alpelisib and teselisib,

but pan-PIK3 inhibitors development was discontinued due to high toxicity and minimal clinical effect.

In addition, treatment with pan-AKT inhibitors with a low dose can increase metastasis development
as it predominately inhibits AKT1. Therefore, creating AKT isoform-specific drugs could be questionable
and require further investigations (Li et al. 2018c). However, they can have a more powerful effect
than treatment with mTOR inhibitor in vitro (DeFeo-Jones et al. 2005) as AKT1 is responsible for
proliferation and survival of breast cancer cells whilst having an anti-metastatic effect. AKT2 is involved
in the metastatic process. The AKT3 effect is not fully known, but it seems to have an anti-migratory

effect (Hinz and Jiicker 2019).

Capivasertib ( developed by AstraZeneca) is a potent ATP-competitive inhibitor of all three isoforms of

the serine/threonine kinase AKT (AKT1, AKT2, AKT3). Capivasertib inhibits phosphorylation of PRAS40,
GSK3pB (AKT substrates), S6 and 4E-BP1, but it increases the phosphorylation of AKT at Thr308 and

29



Ser473 (Davies et al. 2012). In preclinical studies, breast cancer cells lines were the most sensitive cells
(Addie et al. 2013). In addition, activating mutations in PIK3CA and AKT1 or loss of PTEN significantly
increased capivasertib sensitivity (Shariati and Meric-Bernstam 2019). The combination of capivasertib
with fulvestrant demonstrated the synergistic efficacy in ER-positive, endocrine-sensitive and
endocrine-resistant breast cancer cell lines, particularly those with PIK3CA mutation or loss of PTEN
function (Ribas et al. 2015). In contrast, wild type cell lines were resistant to capivasertib (Ribas et al.

2015).

In addition, capivasertib had minimal clinical activity as a single agent in ER-positive breast cancer
patients with AKT1 and PIK3CA mutation. In the BEECH study, capivasertib did not increase the effect
of paclitaxel in ER-positive breast cancers (Turner et al. 2019). However, in the PAKT study, the
combination of capivasertib and paclitaxel increased the median PFS from 3.7 to 9.3 (p=0.1) for
patients with PIK3CA/AKT1/PTEN-altered triple-negative breast cancers (Schmid et al. 2020).
Furthermore, capivasertib improved the efficacy of fulvestrant in the FAKTION trial by improving PFS
from 4.8 months to 10.6 months, p=0.0044 (Jones et al. 2020).

1.4.6 FAKTION Trial Overview and Rationale

FAKTION was a randomised, double-blind, placebo-controlled, phase 2 trial for postmenopausal
women with ER-positive, HER2-negative metastatic or locally advanced inoperable breast cancers who
had progressed or relapsed on aromatase inhibitors. The trial aimed to evaluate whether the addition
of capivasertib to fulvestrant can improve progression-free survival in patients with endocrine-
resistant advanced breast cancer. Patients were recruited from 19 UK hospitals and randomly assigned
(1:1) to receive intramuscular fulvestrant 500mg every 28 days (plus loading dose on day 15 of cycle 1)
with either capivasertib 400mg or placebo, orally twice a day on an intermittent weekly schedule of 4
days on and 3 days off (starting on cycle 1 Day 15) until disease progression, unacceptable toxicity, loss
of follow-up, or withdrawal from the trial. Randomisation was performed using an interactive web-
response system using a minimisation method and the minimisation factors (measurable or non-
measurable disease, primary and secondary Al resistance, PIK3CA and PTEN status). The primary

endpoint was PFS, Figure 11. (Jones et al. 2020).

140 patients were recruited to the trial over three years (2015-2018), of which 69 received fulvestrant
with capivasertib and 71 received fulvestrant and placebo. Median PFS was significantly longer in the
capivasertib group with 10.3 months versus 4.8 months in the placebo group (HR - 0.58, p = 0.0044),

Figure 12. The objective response rate was 29% in the capivasertib group compared with 8% in the

30



placebo group (odds ratio - 4.42, p = 0.0031). Overall survival data were immature at the time of
reporting PFS data. However, the median overall survival (OS) was 26.0 months in the capivasertib

group and 20.0 months in the placebo group (HR - 0.59, p = 0.071). (Jones et al. 2020)

Figure 11. FAKTION trial design.
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Figure 12. Progression-free survival data of FAKTION trial, image from (Jones et al. 2020)
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Assessment of the efficacy of capivasertib with fulvestrant in patients with PI3K/PTEN pathway altered
versus non-altered tumours was a prespecified objective of the trial. The PI3K/PTEN pathway altered
breast cancer was defined by detection of mutations in exon 9 and 20 of PIK3CA in FFPE DNA or
circulating tumour DNA (ctDNA) or PTEN loss in FFPE (tumours that scored “0” in

immunohistochemistry). (Jones et al. 2020)

59 (42%) of 140 tumours had PI3K/PTEN pathway altered with 31 (45%) of 69 in the capivasertib group
and 28 (39%) of 71 in the placebo group. 81 (58%) of 140 tumours were non-altered, with 38 (55%) of

69 in the capivasertib group and 43 (61%) of 71 in the placebo group. (Jones et al. 2020)

In the altered group, median PFS was 9.5 months in the capivasertib group and 5.2 months in the
placebo group (HR 0.59, p = 0.064). In the non-altered group, median PFS was 10.3 months in the
capivasertib group and 4.8 months in the placebo group (HR 0.56, p = 0.035), Figure 13. This showed
that the significant improvement in PFS seen with combination therapy was preserved in the

non-altered group but not in the altered group. (Jones et al. 2020)

Provisional overall survival data showed that in the altered group, median OS was longer in the
capivasertib group with 30.5 months versus 18.7 months in the placebo group (HR 0.53, p = 0.17).
However, in the non-altered group, median OS was not significantly longer between the capivasertib
group and the placebo group, 23.7 versus 20.3 months, respectively (HR 0.62, p = 0.20) (Jones et al.
2020). Although these results were not statistically significant, the trends might be preserved once

mature overall survival data will be reported.
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Figure 13. Progression-free survival in subgroups by PI3K pathway alteration status, image form (Jones et al.

2020)
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In the FAKTION trial, archival tumour tissue and translational blood samples were collected before

treatment, following two treatment cycles and at progression to trial therapy, Figure 14. These

samples, as well as the clinical outcome data, formed the basis of this research project. Longitudinal

analysis of the genetic markers during therapy is recognised as an essential step in informing rational

treatment choices, and ctDNA provides material representative of the overall genetic profile of cancer

at a particular time point. In addition, interrogation of exploratory biomarkers within the context of a

clinical trial provides an opportunity for a controlled analysis concerning clinical outcomes.
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Figure 14. Sample collection in the patient journey before and during the FAKTION trial.
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1.5 Circulating Tumour DNA as a Biomarker

1.5.1 Background

Circulating tumour DNA (ctDNA) is a tumour-derived DNA shed to circulation and is part of circulating
free DNA (cfDNA). CtDNA was first described in plasma by Mandel and Metais in 1948 (Mandel and
Metais 1948). It has been detected in patients with various solid cancers, including breast cancers.
Previous studies have demonstrated that ctDNA is released through cell death via necrosis, apoptosis
(Jahr et al. 2001; Diehl et al. 2008), and active secretion (Stroun et al. 2001; Assou et al. 2014). In a
recent study, Weng et al. (2017b) showed that active release could occur via extracellular vesicles, such
as exosomes. Also, it is essential to note that most ctDNA is not derived from circulating tumour cells
(CTCs), as CTSs are rare in circulation and ctDNA levels are 100 to 1000 times the concentration

generated from apoptosis of CTCs (Thierry et al. 2016).

The necrotic or apoptotic release of ctDNA causes the fragmentation of DNA. The ctDNA released by
necrosis is generally less fragmented DNA (fragments >10,000bp) than that generated via apoptosis,
which produces fragments of 160-180 bp (Jiang et al. 2015; Barbany et al. 2019). This difference is

anticipated to occur due to the higher DNAase activity during apoptotic cell death (Nagata 2000). DNA
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can be released into the circulation by either tumour, and this would be called circulating tumour DNA

(ctDNA) or non-tumour tissue, which will be called cell-free DNA (cfDNA) (Thierry et al. 2010).

In general, the ctDNA proportion of total cfDNA varies, ranging from <0.01% to 90% (Jahr et al. 2001)
but a very high proportion is very uncommon. The range between 0-65% is more frequent in metastatic
patients, and lower levels are more common in patients with localised disease (Jung et al. 2010). The
fraction of ctDNA compared to background wild-type DNA is known as the variant allele frequency
(VAF) or mutant allele frequency (MAF). The rate of ctDNA shedding into the circulation depends on
the size, grade, location and vascularity of the tumour, which leads to a difference in ctDNA levels
among patients (Fernandez-Cuesta et al. 2016). Bettegowda et al. (2014) investigated the
guantification of ctDNA fragments in multiple cancers, including breast cancer, Figure 15. They were
able to detect ctDNA in most patients with metastatic cancers; however, the concentration varied
among tumour types and patients within the same tumour type (Bettegowda et al. 2014). In breast
cancer, the median cfDNA concertation can differ between subtypes. Salimi and Sedaghati Burkhani
(2019) reported a median cfDNA concertation of 23 ng/ml of plasma (range 11-100) for triple-negative
cancer (TNBC); however, for ER, PR positive or HER2 positive breast cancers (non-TNBC), a median
cfDNA concentration was 13ng/ml (range 5.1-78). In addition, the lymph node-positive and stage IV
breast cancers in both TNBC and non-TNBC showed significantly higher cfDNA concentrations (Salimi

and Sedaghati Burkhani 2019).
Despite the low cfDNA concentrations, it is possible to detect genetic mutations with polymerase chain

reaction (PCR) based technologies (Diaz and Bardelli 2014), such as next-generation sequencing (NGS)

and digital droplet PCR (ddPCR).
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Figure 15. Quantification of mutant DNA fragments in advanced malignancies, figure adopted from
(Bettegowda et al. 2014)
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Error bars represent the 95% bootstrapped confidence interval of the mean

1.5.2 Clinical Utility of ctDNA

The collection of ctDNA samples is minimally invasive as it requires only a few millilitres of blood from
the peripheral blood draw. A blood sample can be collected at diagnosis with a tissue or obtained
sequentially in 'real-time' as a patient undergoes anticancer treatment. The ability of ctDNA to provide
the genetic profile of a tumour that was previously only available through a biopsy has led to the term
"liquid biopsy" to describe ctDNA. However, whether 'liquid biopsy' can act as a valid surrogate for
tissue biopsy depends on its presence and detectability in patients with cancer and the reflection of
genetic changes in the tumour over time and response to treatments. In addition, the sequential 'liquid

biopsies' are more acceptable to repeat than invasive tissue biopsies.
The applications of ctDNA can be divided into the following categories: target identification and

treatment selection, prognosis determination, monitoring of treatment response, detection of

resistance mutations at relapse, minimal residual disease identification and early cancer detection.
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Target Identification and therapeutic management

CtDNA has become commonly used for target identification in patients with advanced cancer, where
biopsy is not obtainable, or insufficient genetic material left from tissue biopsy, or for patients with
unknown primary cancer. In addition, studies have shown that ctDNA can be a surrogate for tumour
biopsy in assessing driver mutations such as EGFR mutations in lung cancer (Douillard et al. 2014).
However, there is an ongoing clinical need to discover biomarkers to identify patients with long-term
benefits from new therapies. For example, a recent phase Il trial (SOLAR-1 described in the previous
section) was able to identify predictive biomarkers (PIK3CA mutations) in tissue and ctDNA for selected

patients that will benefit from PI3K inhibitor (alpelisib).

Prognosis Determination

ctDNA has also been investigated as a prognosis biomarker in multiple cancers. In metastatic
melanoma, detection of ctDNA was associated with shorter PFS (Marczynski et al. 2020). Howell and
Sharma (2016) found that higher ctDNA levels in patients with hepatocellular carcinoma were
associated with shorter survival. In another study of ovarian cancer treated with bevacizumab, PFS and
OS were significantly shorter in patients with high levels of cfDNA, indicating that cfDNA could be an

independent prognostic factor in patients treated with bevacizumab (Steffensen et al. 2014).

Monitoring of treatment response

Multiple studies reported that dynamic changes in the level of ctDNA on treatment could become a
surrogate for treatment response across multiple tumour sites (Dawson et al. 2013). It has been
thought that the level of ctDNA is a function of two factors: tumour burden and tumour cell turnover
(Parkinson et al. 2016), volume (Abbosh et al. 2017), therefore ctDNA level can fall in cancers that are
responding to treatment (Hrebien et al. 2019). Dawson et al. (2013) compared ctDNA with Cal5-3, a
commonly used biomarker in breast cancer and concluded that monitoring somatic mutations in
ctDNA can be an informative, specific and sensitive biomarker. In addition, previous research has also
suggested that early changes in ctDNA levels may predict response to treatment and progression-free

survival (Hyman et al. 2017).

Investigating ctDNA offers significant dynamic change and sensitivity in assessing patients response to
therapy by comparing on-treatment ctDNA levels with baseline ctDNA levels (Dawson et al. 2013). This
approach was used in phase Il, BEECH study, where ctDNA dynamic change was assessed in response

to first-line paclitaxel chemotherapy combined with capivasertib versus placebo. The study
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demonstrated that early ctDNA change was a strong surrogate for PFS and the early ctDNA dynamics

predicted no difference between the treatment arms (Turner et al. 2019).

Parkinson et al. (2016) detected TP53 mutations in tissue samples in ovarian cancer, and they were
able to track these mutations in longitudinal samples using ddPCR. The findings were compared with
Ca-125 levels, a commonly used biomarker in ovarian cancer. TP53 mutations detected in ctDNA
correlated with Ca-125 and volume of disease. However, ctDNA was detected sooner than Ca-125. This
suggested that ctDNA had the potential to be a highly specific early molecular response marker in high

grade serous ovarian cancer (Parkinson et al. 2016).

Detection of Resistant Mutations at Relapse

The early change in ctDNA can identify response and resistance to treatment before radiological
disease progression in tumour size, which would allow early switch ineffective therapy to effective
therapy before further cancer progression (Garcia-Murillas et al. 2015; O'Leary et al. 2018).
Furthermore, detection and changes of level of ctDNA during treatment could expedite drug
development by identifying new biomarkers of resistance and providing an assessment of drug efficacy
(Frenel et al. 2015). A successful example of the identification of resistant mutations with the
development of effective treatment was the detection of resistant EGFR T790M mutation in patients

with lung cancer who benefit from a new generation of anti-EGFR therapy — osimertinib.

However, this has not been successful with resistant ESRI mutations in breast cancer (described in the
previous section). These mutations are examples of mutations occurring due to constant activation of
the oestrogen receptor (ER) (Toy et al. 2013; Fanning et al. 2016) and develop in response to Als in
about 30% of patients with breast cancer (Toy et al. 2013; Schiavon et al. 2015). Brufsky and Dickler
(2018) showed that ESR1 mutations are commonly subclonal and weak predictors of outcome. Recent
PlasmaMATCH trial reported no benefit of increased dose of fulvestrant in ESR1 mutated breast
cancers (Turner et al. 2020), despite preclinical data suggesting that increased fulvestrant dose would

be beneficial.

Minimal Residual Disease Identification

In clinical practice, it can be difficult to determine which patients have achieved complete remission
and who have a minimal residual disease (MRD). Studies have shown that the presence of ctDNA after

surgery is highly associated with the risk of relapse. CtDNA can be detected months before the
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recurrent tumour is visible on imaging (Fiala and Diamandis 2018). Furthermore, ctDNA can be a
reliable residual disease biomarker after neoadjuvant chemotherapy in localised breast cancer. After
neoadjuvant therapy, ctDNA concentrations were lower in patients who achieved complete

pathological response than those with MRD (McDonald et al. 2019).

CtDNA in Early Cancer Detection

Early detection in cancer is a very important aspect and is proven to improve the outcomes of many
cancer patients. CtDNA has been currently being evaluated in multiple early detection trials. Cohen et
al. (2018) developed an early detection test - "CancerSEEK" to target difficult-to screen cancers using
a 61-amplicon panel to analyse ctDNA samples, in addition to a set of eight common proteins (CA-125,
CEA, CA19-9, etc.). The test showed 99% specificity and sensitivities ranging from 33% for breast
cancers to 98% for ovarian cancers. Overall, the researchers discovered cancer-specific profiles that
could be used for the early detection in over 82% of the cancers (Cohen et al. 2018). Another
biotechnology company, GRAIL (https://grail.com), developed a ctDNA-based multicancer screening
test using the NGS method and machine learning. In addition, there are ongoing studies evaluating
data from hundreds of thousands of patients to generate a reference library for mutations detected in

the ctDNA of patients with the most common cancers (Aravanis et al. 2017).

1.5.3 Tumour Heterogeneity and ctDNA

It is well known that cancers show a significant degree of intratumoral heterogeneity (Allott et al.
2016). Itis also believed that resistance to treatment can occur through clonal selection and evolution
of resistant cells (Aparicio and Caldas 2013), which can depend on inherent heterogeneity. CtDNA can
be detected in most patients with advanced and metastatic cancers (Bettegowda et al. 2014). Chan et
al. suggested that ctDNA might be more representative of tumour heterogeneity in a patient than a
single biopsy that can only represent a single cancer region in tissue (Chan et al. 2013) because all
metastatic lesions contribute to one ctDNA pool (Thierry et al. 2016). Thus, CtDNA as a biomarker
allows assessment of tumour heterogeneity more frequently and with reduced risks compared to

tissue biopsies. The advantages and disadvantages of the two types of biopsies are shown in Table 2.
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Table 2. Advantages and disadvantages of tissue and liquid biopsies.

Standard tissue biopsy Liquid biopsy
Time-consuming Quick
Localised region of tissue Comprehensive tissue profile
Not easily obtained, requires specialist skills Easily collected through a blood draw
Some pain and carries risks Minimal pain and risk
Invasive Minimally invasive
Collected at one time-point, limited material Can be repeated at multiple time points
Issues with formalin fixation Issues with sample handling
Ability to detect most mutations types Inability to detect certain mutation types, Risks
of false negatives
Full histology and cell characterisation No histology

1.5.4 Methods of ctDNA Detection

Somatic mutations are acquired in the cancer cells' DNA in response to genotoxic DNA damage and
replicative errors (Hanahan and Weinberg 2011). The somatic genetic alteration can include single-
nucleotide variants (SNVs), somatic copy number variants (CNVs), chromosomal rearrangements and
translocations (Nik-Zainal et al. 2012). As these somatic changes are not present in normal cells,
identifying these genetic variants helps ctDNA be distinguished from cfDNA. In order to detect multiple
somatic changes in cancer, several methods have been developed with different advantages and

disadvantages.

1.5.4.1 Next Generation Sequencing (NGS)

The NGS development allowed significant progress in the analysis of tumour and cell-free DNA. NGS is
used to detect the simultaneous sequencing of many millions of DNA sequences 50-500 bp in length.
In comparison to Sanger sequencing that uses chain termination PCR followed by capillary-based
fragment separation, NGS allows the determination of DNA sequence by synthesis, where nucleotides
are added using various techniques such as bead and flow cell method (Bahassi and Stambrook 2014).
The main difference between the Sanger method and NGS is sequencing volume. Whilst the Sanger
method sequences a single DNA fragment at a time, NGS sequences millions of fragments
simultaneously per run (lllumina 2020). Thus, the NGS method enables the sequence of hundreds to
thousands of genes at one time and offers a greater ability to detect rare and novel variants with deep

sequencing (Illumina 2020).
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Whole exome sequencing (WES) is a technique that involves sequencing the whole coding regions of
genes in the genome (>30.000 genes). The coding region makes up 1% of the genome, and mutations
in coding regions are often associated with the disease. WES's costs have decreased over time, and
therefore it has been used more frequently in genetic tumour analysis (Ross and Cronin 2011) and
sometimes can be used to analyse cell-free DNA (Butler et al. 2015). However, since WES covers all
coding genes, it has broad coverage, and therefore it has reduced read depth which increases the limit
of detection for mutation detection. These can be the limiting factors of WES usage for ctDNA mutation

detection.

Targeted NGS panels allow the sequencing of a limited number of specific genes. Some panels will
cover only specific hotspot mutations in the specific genes and panels that cover entire genes. The
sequencing DNA pool for specific genes or regions needs to be enriched before sequencing using
various methods, including PCR or hybrid-capture methods (Parla et al. 2011), Figure 16. The amplicon-
based target enrichment relies on the PCR amplification of the interest region using probes and primers
(Parla et al. 2011). The hybrid capture-based target enrichment employs biotinylated oligonucleotide
probes targeting regions of interest pulled down using magnetic beads (Parla et al. 2011). The
difference between hybrid-capture and PCR based methods have been shown in Figure 16, and the

advantages and disadvantages in Table 3.

PCR method is particularly advantageous when there is limited DNA from small tumour tissue samples
or cfDNA. Consequently, commercial targeted hotspots or multiple gene panels are often available and
often tailored to specific genetic alterations to specific cancers. The limit of detection of amplicon-
based targeted NGS panels has improved over the years. The introduction of high average read depth
(defined as many times each base in a gene is read) and the unique molecular barcodes (Kivioja et al.
2011) have increased the limit of detection from VAF of >1% to ~0.1% (Lanman et al. 2015; Gale et al.
2018). However, each panel's detection limit depends on the number of mutations covered, panel

complexity, and the amount of total input DNA.
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Figure 16. Comparison of two sequence enrichment methods — PCR vs Hybrid-capture, image addapted from
(Wiley et al. 2014).
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(A) PCR primers specific to the target region for amplification. (B) PCR products for ligation with sequencer-
specific DNA molecules (adapters). (C) DNA molecules ready for sequencing. (D) Genome sheared into small
fragments and ligated to sequencer-specific adapter DNA molecules. (E) Biotinylated oligomers
complementary to the region of interest incubated with the previously generated library. (F) Captured
molecules from the target regions pulled down with streptavidin-coated magnetic beads. (Wiley et al. 2014)

Table 3. Advantages and disadvantages of both enrichments' methods - PCR vs Hybridisation, table adapted
from (Samorodnitsky et al. 2015).

Advantages Disadvantages

e Permits low DNA inputs e Cannot remove PCR duplicates/bias —
obscures true complexity

e Allelic drop-out due to variants in

PCR -based e Simple and fast workflow — 1 day

enrichment . .
e Low start-up costs primer sites
e Poor uniformity of coverage
e Highly uniform coverage e Requires greater DNA input

Hybridisation
based
enrichment

e Tolerant of variants throughout e Multistep workflow — 1-3 days
target region
e High sensitivity
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1.5.4.2 Droplet Digital PCR

Droplet digital PCR(ddPCR) is an oil-based technology where thousands of separate PCR reactions
occurs concurrently within one tiny oil droplet. The DNA alterations are detected with fluorescently
labelled TagMan® probes, which are mutation-specific and makes each droplet containing mutant DNA
fluoresce differently to droplets with wild-type DNA. The droplets are counted by an automated
droplet flow-cytometer (Hindson et al. 2011). DAPCR has greater sensitivity than NGS in mutation
detection, about 0.01% VAF with 10ng of total input DNA. However, this method can only detect
known specific mutations or a few mutations in a single assay, for example, EGFR p.T790M mutation
testing in lung cancer or BRAF V600E in malignant melanoma. In contrast, NGS can detect any mutation
in an amplicon included in the panel and detect multiple different mutations in one run. DdPCR is a
highly sensitive method that can detect point mutations and gene amplifications in the tissue biopsy

and blood samples of breast cancer patients (Heredia et al. 2013; K et al. 2016; Angus et al. 2017).

Copy Number Variation (CNV) detection

NGS technique can be very good at detecting multiple somatic mutations simultaneously, mostly single
nucleotide variations (SNVs) but is less frequently used for copy number variations (CNV) (Hehir-Kwa
et al. 2015). Traditional methods for detecting copy number variations in tumour tissue used in clinical
practice for HER2 amplification are immunohistochemistry (IHC) and FISH. These methods cannot be
used to detect CNVs in ctDNA. However, ddPCR can be used for CNV detection in the tissue and ctDNA
(Shoda et al. 2017) This technique has been used with high concordance in gene amplification
detection in ctDNA in several cancers such as gastric cancer, colorectal cancer and breast cancer
(Kinugasa et al. 2015; Shoda et al. 2015; Shoda et al. 2017; Sakai et al. 2018). Serial Blood sample gives
the opportunity with detection and monitoring of detected CNVs. This could be very beneficial to
patients as the clinically significant CNV could be detected in a blood sample instead of invasive and

risky biopsy procedures.

DdPCR can detect CNVs using small amounts of DNA (<10ng), which allows cfDNA analysis. This method
generates gene ratios, the gene of interest to the standard non-amplified reference gene, to detect
gene amplification. Also, it relies on the same PCR (TagMan®) technology where primers for the gene

of interest are designed with TagMan® fluorescent probe, enabling gene amplification detection.
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1.6 Thesis Overview, Hypothesis and Aims

The interest in the utility of ctDNA has increased over the years, especially with the development of
new technologies and better understanding the association between genetic mutations in tumours
and ctDNA. Multiple somatic mutations occur in cancer tissue and can also be detected in ctDNA. This
gives the opportunity of ctDNA to play a role in disease detection, disease monitoring, prediction of
relapse or resistance to treatment. CtDNA analysis might transform the management of a wide range
of cancers cancer in the future (Shaw and Stebbing 2014). However, the use of ctDNA in the clinic is
still at its early stages and for some still controversial (Thoma 2018; Torga and Pienta 2018). The
reasons for this could be a poor understanding of the technology and inadequate interpretation of
results. For the ctDNA to become widely used in clinical practice, it must be well understood by

pathologist and oncologist, and the benefits need to be proven in large phase Ill trials.

This thesis will focus on the use of ctDNA as a biomarker in advanced endocrine-resistant breast cancer.
| hypothesised that ctDNA can be detectable in patients with endocrine-resistant breast cancer, and it
can provide prognostic and predictive information about the response to fulvestrant and capivasertib
in patients in FAKTION trial. More specifically, | would use pre-existing methods to monitor response
to therapy and predict therapeutic resistance. The aim is to contribute to the improvement of the
patient selection in clinical trials that will identify patients with breast cancer that most likely will
respond to the experimental treatment and improve the management of patients treated with new

targeted therapies.

The aims of the thesis:

e To determine whether selected NGS platform and gene panel can detect somatic mutations in
FFPE (formalin-fixed paraffin-embedded) tissue and ctDNA samples of patients with an
advanced or metastatic breast cancer patients.

e To determine whether NGS and ddPCR are sufficiently sensitive to detect mutations in ctDNA
samples at low mutant allele frequency (MAF).

e To investigate concordance PIK3CA, AKT, PTEN, ESR1, TP53 between FFPE tissue and ctDNA
samples.

e To assess the potential utility of longitudinal ctDNA sampling as a surrogate biomarker of

treatment response to fulvestrant and capivasertib.
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To investigate the potential utility of ctDNA to detect copy number variation HER2, MYC and
FGFR1 which play a role in endocrine resistance, and whether CNVs can help predict resistance
to fulvestrant +/- capivasertib.

To assess whether a combination of multiple molecular biomarkers (SNVs and CNVs) can be

more predictive of treatment response than a single biomarker
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2. Materials and Methods

2.1 Project Governance, Patients and Samples Collection in FAKTION trial

Velindre Cancer Centre sponsored a FAKTION trial. FAKTION trial protocol was approved by a Multi-
centre Research Ethics Committee recognised by the United Kingdom Ethics Committee Authority (REC
reference 13/NW/0842). Patients recruited to the trial consented to donation of tumour samples (FFPE
- formalin-fixed paraffin-embedded tissue), blood samples and genetic testing using the approved
Participant Information Sheet and Consent Form. Samples collection was mandatory for trial
enrolment. According to the Clinical Trial Laboratory Manual, blood samples were collected in hospital

out-patients departments from 140 patients.

2.2 Pre-Analytical Sample Handling

Designated staff at participating sites were responsible for ensuring that all samples were collected
and handled at their site following the Clinical Trial Laboratory Manual. The staff were fully trained and
listed on the FAKTION Delegation Log as authorised by the Principal Investigator to carry out these
tasks before any sampling took place. Tumour blocks and blood samples were tracked from the time

of consent to randomisation to enter the trial.

2.2.1 FFPE Tissue Samples Collection

FFPE tumour blocks were obtained from archival primary breast cancer tissue or metastatic biopsy
from 19 UK centres. The archival tumour tissue FFPE blocks were sent to the central Cell Pathology
Laboratory, University Hospital Wales in Cardiff. The FFPE samples were tested there for PTEN status
by immunohistochemistry. In addition, the slides were sent to All Wales Medical Genetics Service
(AWMGS) for DNA extraction and PIK3CA mutation testing. The study required prospective PTEN and

PIK3CA status before participants could be randomised for treatment within the trial.

2.2.2 FFPE Tumour DNA Extraction

The tumour slides were prepared at the histopathology department at the University Hospital of Wales
in Cardiff. The slides were sent with a matched H&E slide and the tumour area ringed, and the
percentage of nucleated tumour cells indicated on the slide to All Wales Genetic Laboratory. DNA

extraction from FFPE tissue was managed by trained NHS staff.
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According to the manufacturer's instructions, DNA was extracted from FFPE tumour tissue using the
Promega Maxwell 16 FFPE Plus Low Elution Volume Purification Kit (AS1130). The FFPE tissue was
assessed and macro-dissected to confirm tumour content was >20%. FFPE tissue was scraped from
slides with a scalpel blade to Proteinase K and Promega Incubation Buffer for deparaffinisation and
protein degradation. Samples were incubated for approximately 16-18 hours at 70°C and shaken at
1300rpm in an Eppendorf Mixer C (15158953). Samples with added Lysis Buffer were transferred to
Promega Maxwell Cartridges for the automated FFPE DNA protocol on the Maxwell 16 Instrument. The
process involved binding DNA to silica clad paramagnetic particles, which underwent sequential
washes with ethanol before elution. Samples were eluted in nuclease-free water and quantified with
the Invitrogen High Sensitivity Qubit Fluorometer (see section 2.3.4.1). Extracted FFPE DNA was stored

at 4°C. FFPE DNA extraction results are presented in Table 52 (Appendices, Section 8.3)

2.2.4 Blood Samples Collection

2 x 10 mls of whole blood by venipuncture or from the venous port was taken into the supplied Streck
preservative tubes at selected time-points — baseline, at eight weeks of treatment and at the time of
disease progression. The tubes were filled until the flow stopped to ensure the correct ratio of sample
to anticoagulant and preservative. The tube was required to be gently inverted eight times to mix; to

prevent clotting. The sample must have arrived within 96 hours to AWMGS.

2.2.4.1 Plasma Separation

Plasma was separated using the double spin protocol to minimise cell lysis and reduce any extra
genomic DNA entering the plasma compartment. First, the blood in Streck tubes was centrifuged at
1000g for 10 minutes at 4°C. This centrifugation separated the blood into red cells, buffy coat (white
cells) and plasma. Next, the plasma was transferred into 2 ml Eppendorf tubes and centrifuged at
2000g for a further 10 mins at 4°C to remove the remaining cellular debris (Page et al. 2006). The

plasma was stored at -80°C in 1 ml aliquots for future cfDNA analysis.

2.2.5 Cell-Free DNA Extraction

1ml or 2ml of frozen plasma were thawed at room temperature before DNA extraction. According to
manufacturers' instructions, the extraction of ctDNA was performed using the QiaAmp circulating
nucleic acid extraction kit (55114). This method had previously been shown to be the most optimal for

cfDNA extraction (Page et al. 2013).
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The first step involved proteinase-K digestion at 60°C for 60 minutes to release any plasma protein-
bound nucleic acids. Next, the plasma was mixed with the ACL Buffer (Qiagen buffer containing
trometamol and guanidine thiocyanate) to optimise DNA binding to a silica membrane. The membrane
was contained within the QlJAamp® Mini column attached to a vacuum manifold. The cfDNA was bound
to the membrane whilst contaminates passed through. Three wash steps removed the contaminates
such as cations and proteins, which could interfere with subsequent PCR reactions or cause DNA
degradation. The bound cfDNA was eluted into a final volume of 40ul of elution buffer AVE (Qiagen
buffer of 0.04% sodium azide in RNase free water). Eluted cfDNA samples were placed on ice and
quantified using the fluorometric method with the Qubit system described below and stored in -80°C.

CtDNA extraction results are presented in Table 52 (Appendix, 8.3)

2.2.6 DNA Quantification

2.2.6.1 DNA Quantification by Qubit 2.0 fluorometer

The Qubit® dsDNA HS (High Sensitivity) Assay Kit (ThermoFisher Scientific, UK) was used to determine
the final concentration of extracted cfDNA using fluorometric quantitation. First, 2ul of extracted DNA
solution was mixed with a fluorescent dye and buffer mix. The dye increases the fluorescence once
bonded to double-stranded DNA molecules. Thus, the DNA concentration is directly proportional to
the amount of fluorescence signal from the dye in the solution. The fluorescence of each sample was
measured using Qubit® Fluorometer 2.0. Each kit contains two pre-diluted standards; 10 ul of each
standard was used to calibrate the Qubit fluorometer 2.0 before quantification of each DNA sample in
the fluorometer. This assay has a concentration detection range of 0.2 — 100ng of double-stranded

DNA.

2.2.6.2 DNA Quantification by Agilent 2100 Bioanalyzer

The Agilent Bioanalyzer allowed to assess the range of fragment sizes and to quantify DNA libraries.
The Agilent high sensitivity kit was used to separate and size total cfDNA and DNA libraries of 50-
7000bp at concentrations down to 100pg/ul. It involved a 12 well chip with engraved microchannels.
The microchannels were filled with a gel polymer and fluorescent dye during chip preparation
according to the manufacturer's instructions. 1pl of DNA was loaded into each well. Every sample was
also loaded with a lower (35bp) and upper (10380bp) DNA marker. One of the 12 wells in each chip
was loaded with a DNA ladder. The DNA was dragged through the gel by a voltage gradient during
electrophoresis, which allowed the separation of fragments dependent on size, as DNA is positively

charged. Each sample was analysed sequentially across a single detector to determine DNA fragment
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concentration. The results were used to assess DNA quality by evaluating the relative number of

different-sized fragments and overall DNA quantification.

2.3 Methods of ctDNA Detection

A variety of methods have been developed to detect the cancer genetic alterations in FFPE DNA and
ctDNA. Each of the methods has different advantages and disadvantages. Two methods were used in

this project: Next Generation Sequencing (NGS) and droplet digital PCR (ddPCR).

2.3.1 Next Generation Sequencing (NGS)

The targeted NGS panel chosen for this project included those previously identified genes as important
in the oestrogen receptor signalling pathway and PI3K/AKT pathway. The gene panel was selected
based upon previous publications (e.g. have identified 18 candidate genes for ER-positive breast cancer
(Ellis et al. 2012), peer review, involved in PI3K/AKT pathway, and the practical limitations of the

technology (i.e. the literal size of the panel and the required depth of analysis).

The 44-gene GeneRead™ DNAseq Targeted Panels V2 (Qiagen, 181900, NGHS-001X), amplicon-based,
off-the-shelf, was chosen for validation with cfDNA, which include most of the essential genes of the
PI3K/AKT, ER signalling pathway and other potential indirect resistance mutations, Table 4. This panel
specifically covered 44 cancer genes regions, known oncogenes and tumour suppressor genes in breast
cancer. It required four primer pools per DNA sample (10ng of DNA per pool, a total of 40ng of total
input DNA).

44-gene panel was validated for FFPE DNA which usually contains fragmented but longer DNA
fragments (~180-3000) (McDonough et al. 2019) than cfDNA (160-180). Normally, the FFPE NGS panel
would create longer PCR amplicons, and therefore this panel would not generate PCR amplicons for
shorter cfDNA fragments. This could influence the sensitivity of the panel for ctDNA and limits its use

for ctDNA. Optimisation and validation of this panel for cfDNA will be presented in the next chapter.

GeneRead DNAseq Targeted Panel V2 was part of a total workflow for targeted next-generation
sequencing. This panel was used in combination with GeneRead DNAseq Panel PCR Kit V2 to perform
targeted enrichment using multiplex PCR. Once targets have been enriched, the NGS library was
constructed. This process involves library preparation, template preparation, DNA sequencing, and

data analysis, Figure 17. NGS was performed using lllumina platform.
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Table 4. Genes covered by 44-Gene Breast Panel.

ACVR1B EP300 IRAK4 PBRM1 TP53
AKT1 ERBB2 ITCH PCGF2 TRAF5
ATM ERBB3 KMT2C PIK3CA WEE1
BAP1 ESR1 MAP2K4 PIK3R1 ZBED4
BRCA1 EXOC2 MAP3K1 PPM1L
BRCA2 EXT2 MDM2 PTEN
CBFB FBXO32 MUC16 PTGFR
CDH1 FGFR1 MYC RB1

CDKN2A FGFR2 NCOR1 RET
EGFR GATA3 NEK2 SEPT9

Genes involved directly in the PI3K/AKT and ER pathway in yellow, indirectly in green. The rest of the genes
associated with breast cancer but not directly involved in endocrine resistance or PI3K/AKT pathway.

Figure 17. GeneRead DNAseq Targeted Panels workflow, image adapted from (Qiagen 2015).
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2.3.1.1 Library Preparation

Following DNA extraction and quantification, 5-10ng of DNA was used to generate libraries using the
GeneRead™ Library Kit (Qiagen). In this process, the extracted DNA was mixed with short single-
stranded DNA primers and DNA polymerase in a polymerase chain reaction - PCR, to enrich the DNA
sequence of interest. The PCR was multiplexed so that one DNA sample was mixed with four 'pools' of
primers to amplify several 'target' genetic regions simultaneously. After PCR, the four 'pools' mixed

with one DNA sample were combined, Table 5.

Table 5. Multiplex PCR: Reagents and PCR conditions for GeneRead™ library preparation.

Reagent Volume (pl) PCR Conditions
GeneRead DNAseq Panel PCR 44 95°C 15 minutes 1
Buffer (5x)
Primer mix pool (2x)** 11 95°C 15 seconds
21 cycles - cfDNA
GeneRead HotStarTaq DNA 15 samples
Polymerase (6 U/pl) ' 60°C 4 minutes * 26 cycle - FFPE DNA
samples***
Extracted DNA 4
DNase-free water 0.7 72°C 10 minutes
Total volume 21.6 4°C oo

*For pools with primer pairs <1200 - 4 min; for Pools with primer pairs 1201- 2500 - 8 min. **This panel
had a total number of primer pairs of 2915 in four pools, 729 primers per pool. *** The number of PCR
cycles depended on the type of DNA, FFPE DNA or ctDNA. 21 cycles were used for PCR with cfDNA, 26 PCR
cycles were used FFPE DNA.

The amplicon libraries were prepared for sequencing following several steps, as shown below:

1. Sample Pooling and Purification - After PCR, four pools for each sample were combined into one

pool. Library purification was performed with Agencourt AMPure XP™ beads (Beckman Coulter)
using two 80% ethanol washes to remove the reagents and buffers from the PCR step. The
concentrations of each pool were determined using the Qubit High Sensitivity kit (Agilent

Technologies).

2. End repair of DNA - Only 10-200ng PCR-enriched DNA was used, ensuring optimum efficiency of

library construction. During 'End repair of DNA', PCR-enriched DNA was mixed with End-Repair
Buffer and Enzyme, and incubated in a thermocycler for 30 min at 25°C followed by 20 min at 75°C
(Qiagen 2015). This reaction aimed to convert fragmented DNA into blunt-end DNA containing 5'
phosphate and 3'-hydroxyl groups. The 5'=>3' polymerase activity filled in 5' protruded DNA ends

while 3'>5' exonuclease activity removed 3'-overhangs.
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3. A-addition - During an A-addition reaction, the end-repaired DNA was mixed with A-addition buffer
and Klenow Fragment (3' ®5' exo-). The mix was incubated on the thermocycler for 30 min at 37°C,
followed by 10min at 75°C (Qiagen 2015). This step's purpose was to add "A" base to the 3' end of
a blunt phosphorylated DNA fragment and enable DNA fragments to be ligated to adaptors with

complementary dT-overhangs.

4. Adapter ligation — This step aimed to ligate unique adapters to each patient's DNA sample. After

A-addition, amplicons were ready to add barcode adapters which are unique DNA sequences for
each DNA library, to assign each DNA molecule to the correct library during sequencing analysis.
Each Library was mixed with Ligation Buffer, T4 DNA Ligase and a unique barcode adapter. The mix

was incubated on thermocycler for 10 min at 25°C (Qiagen 2015).

5. Clean-up of adapter-ligated DNA with AMPure XP beads (Beckman Coulter) - A purification step

with two 80% ethanol washes to remove the buffers and reagents from the previous step.

6. PCR amplification of purified library - Purified library required last PCR amplification with HiFi PCR

Master, Primer Mix, with 5-10 cycles of the final PCR, seven cycles were commonly used, Table 6
(Qiagen 2015). HiFi amplification enables high yields of DNA libraries with low error rates from

extremes of GC content and minimal sequence bias (Head et al. 2014).

Table 6. Reagent and PCR for Library amplification step.

Reagent Volume (ul) PCR conditions
HiFi PCR Master Mix, 2x 25 98°C 2 minutes 1 cycle
Primer Mix (10 uM each) 1.5 98°C 20 seconds 5-10 cycle
Library DNA 17 60°C 30 seconds (7 cycles was used)
72°C 30 seconds
RNase-free water 1.5 72°C 1 minute 1 cycle
Total volume 50 4°C 0 hold

7. Clean-up of the amplified library with AMPure XP beads - A second purification step with two 80%

ethanol washes.

8. Library Elution in 28ul of nuclease-free water. The final concertation was assessed using Qubit
(High Sensitivity kit, Agilent Technologies) and the Agilent 2100 Bioanalyzer (Agilent Technologies).
The bioanalyser was also used to assess the length of amplicons. For lllumina libraries, a peak
around 280bp was required and with no significant peak observed around 120bp, representing

adapter dimers (Qiagen 2015). However, the Bioanalyzer results revealed an additional peak at
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150-180bp, suggesting an excess of adapters; therefore, an additional clean-up with magnetic
beads at a ratio of 0.8X was performed, Figure 18. These libraries were then appropriately diluted

with nuclease-free water to obtain 4nM libraries.

Figure 18. Sample Agilent Bioanalyzer image of lllumina Sequencer library.
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A: peaks at 140-180bp - an excess of adapters. B: Additional peaks removed with additional cleaning with
the preserved peak at about 280 bp.

2.3.1.2 lllumina sequencing of DNA templates using Hiseq2500 platform

'Sequencing by synthesis' (SBS) technology has been used by Illumina. It uses four fluorescently
labelled nucleotides to sequence the millions of clusters on the flow cell surface in parallel. A single
labelled deoxynucleoside triphosphate (dNTP) is added to the nucleic acid chain during each
sequencing cycle. The nucleotide label works as a terminator for polymerisation. After each dNTP
incorporation, the fluorescent dye is imaged to recognise the base and then enzymatically cleaved to

incorporate the next nucleotide. (Illumina 2010)

Final libraries were diluted to 4nM concentration and combined into one library, further diluted to
final concentration 7pM. The final library at 7pM was loaded to the HiSeq2500 platform. For
sequencing, as per Illumina recommendation, a PhiX Control library v2 (lllumina) was spiked into the

final pool of libraries at a proportion of about 1% to provide quality and calibration control.
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Before sequencing can occur, cluster generation needs to take place. First, the library is loaded into a
flow cell where DNA fragments are caught on a lawn of surface-bound sequencing templates
complementary to the library adapters. Each fragment is then amplified into individual, clonal clusters
through bridge amplification (lllumina 2010). This creates up to 1000 identical copies of each single
template molecule (lllumina 2010). Once cluster generation is complete, the templates are ready for
sequencing. Cluster generation was performed on board of HiSeq 2500 (Illumina) using an Illlumina

HiSeq Rapid Paired-End (PE) Cluster kit v2 (PE 402-4002) chemistry.

The sequencing was completed using HiSeq Rapid SBS Kit v2 (FC-402-4021) over 330 cycles. Illumina
Real-Time Analysis software was used for Base-calling. Sequencing runs were performed over 27 hours
on the lllumina Hiseq 2500 Machine, as per the manufacturer's recommendations. The sequencing

data was downloaded onto the NHS server.

Complete NGS Product Configurator (Qiagen) was used to determining the number of DNA samples
that can be sequenced per Hiseq Rapid run and the desired average sequence depth (per amplicon).
The lllumina HiSeq 2500 platform allowed sequence 20-26 ctDNA samples with an average 8-10000
read depth and 34 FFPE samples with 6000 read depth.

2.3.1.3 Data Pre-processing

The somatic amplicon pipeline was designed to detect low-level variation from amplicon next-
generation sequencing library preparations. The pipeline accepted paired-end FASTQs files and

required a minimum of 10bp overlap between the first and second read.

Once the sequencing data was downloaded, the paired-end FASTQ files were cleaned for technical
biases caused by the sequencing process. Then, file processing and variant calling was carried out by
Matthew Lyon, Lead Bioinformatician at All Wales Medical Genetics Service, NHS. The specific steps of

the pipeline are presented in Figure 19.
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Figure 19. Steps of data analysis.
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0. FASTQs analysis - The sequences were initially evaluated using the FASTQC programme (version
0.11.6, Babraham Bioinformatics - a quality control tool for high throughput sequence data) to

look for evidence of residual adapter sequences and duplicated reads caused by the PCR steps.
1. Trimming adapters - Cutadapt software was used for trimming the adapters from the reads. The

adapters were added to each sample during library preparation so that DNA from each sample

carried a unique barcode. This allowed each sequenced DNA sample to be assigned to the sample
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from which it came following sequencing. The software from lllumina sequencing removed most
of the barcode sequences. However, some adapter sequences remained, which must have been

removed before analysis.

Merging overlapping read pairs - Overlapping read pairs were merged into one contiguous
sequence to increase the overall read length and resolve sequencing errors present in one read
direction using PEAR. Non-overlapping reads were discarded. PEAR software merged Illumina
paired-end reads from fragments that vary in length and therefore did not require fragment size
as input. Also, PEAR implemented a statistical test for minimising false-positive results (Zhang et
al. 2014).

a. Most amplicons in the GeneRead kit were short enough to be covered in both
directions using 2 x 151bp sequencing. This information was used to eliminate
sequencing errors seen in one direction.

b. Once merged, the reads must have started and ended with PCR primer, which was

useful for downstream processes (i.e. steps 5 and 6)

Whole-genome alignment - BWA-MEM alignment algorithm from a BWA software package was
used for aligning sequence reads against a human reference genome. This produced an aligned

BAM file for each sequenced sample

Realignment of soft-clipped bases - In general, aligners reaching high effectiveness often perform
"soft-clipping" of reads. This means that the proportion of the reads that do not match well to the
reference genome on either side of the read are ignored for the alighment (Bioinformatics 2016).
However, this is an amplicon assay with carefully chosen PCR primer sequences. Therefore, read
soft-clipping may indicate the presence of a large insertion-deletion that was not correctly aligned.
Realignment of soft-clipped bases against the expected amplicon sequence may resolve these
variants.

a. Following paired-end read merge (step 2), all sequences must have started and ended
with PCR primer and should align correctly to the reference genome. Evidence of soft
clipping can suggest the presence of a large indel.

b. Reads overlapping the region of interest (ROI) showing soft-clipping were realigned to

the expected amplicon sequence using global alignment (Needleman—Wunsch).
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Indel realignment using GATK - Local realignment around indels allows correcting mapping errors
made by genome aligners and making read alignments more consistent in regions

containing indels (Practices 2016).

Soft-clipping PCR primers - The aim of this process is masking (but not removing) aligned
sequences in the BAM file to avoid making variant calls in the primer sequence that are not from
the patient.
a. PCR primers contain errors in a synthesis which can appear as a false-positive variation.
b. Atruevariant under the primer binding site will have skewed allele frequency if the primer

sequences are included during analysis.

Per-base coverage (GATK) - The number of reads overlapping each target base (vertical coverage)
was calculated using GATK DepthOfCoverage function excluding reads with a low mapping quality

(Q < 20) and bases with poor sequence quality (Q < 20).

Coverage over the target - Taking the per-base coverage, Bedtools was used to estimate the mean

coverage of each amplicon.

2.3.1.4 Data Analysis

Variants were called with the Somatic Variant Caller (Illumina) to detect mutations in each barcoded

sample. All called variants were individually analysed using the Integrative Genomics Viewer (IGV)

software (version 2.3.86), ensuring they were not due to an artefact of the sequencing process.

Especially, called variants that were present in the last three bases of reads were excluded. Variants

called in tumour samples but not present in matched cfDNA samples were also analysed to look for

low-frequency mutations. The significance of each mutation was confirmed using the Catalogue of

Somatic Mutations in Cancer (COSMIC), the Database of Single Nucleotide Polymorphisms (dbSNP) and

The Human Gene Mutation Database (HGMD).

For the 44-gene GeneRead™ DNAseq Targeted Panels V2, variants were reviewed and accepted as a

true variant if they had:

e Mutant reads(10 in each direction) >20
e Reference reads >30
e Quality score > 30

e Reviewed on IGV and not in the last three bases of the read
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Mutations that have not fitted the above criteria were only accepted as true variants confirmation with

a mutation-specific ddPCR assay.

2.3.1.5 Sequencing Coverage and Depth

The sequencing coverage is known as the degree of target DNA sequencing, ranging from a single gene
to the whole genome. The sequencing depth is determined by the number of amplicons that cover a
specific DNA region. In general, there are limitations to the capacity of DNA sequencing, per DNA
sample, per primer pool, per flowcell, per microchip. This means that the NGS panel that covers the
whole genome have reduced sequence depth potential. Equally, a smaller NGS panel covering a
targeted genetic region - a panel of 5-50 genes, will provide better sequencing depth and reduce the
chance of missing low-frequency mutations of the genes included (Stasik et al. 2018). In summary, the
lower the degree of coverage of the genome, the greater the sequencing depth, therefore the higher
the sensitivity is for detecting rare mutations, such as those present in cfDNA (Abel and Duncavage

2013).

DNA samples from cancer patients contain a mixture of tumour and germline DNA. Hence, the NGS
sequence depth must be adequate so that amplicons created in the library preparation represent both

germline and tumour DNA within the sample.

For FFPE samples, histopathologists can estimate the ratio of the number of cancer cells to germlines
during a histopathological examination. This can influence the requirement of sequencing depth. For
example, samples containing 100% of tumour cells can require at least 100X sequence depth as all
amplicons will be generated from cancer DNA. However, samples containing 10% tumour cells may
require 1000X sequencing depth, so at least 100 amplicons can be generated from tumour DNA.
Unfortunately, this information was not available for all FFPE samples; consequently, 34 FFPE samples

in this project were sequenced with an average high sequencing depth of 5-6000X read depth.

The ratio of cancer to the normal cell cannot visually be estimated for cfDNA samples. Circulating
tumour DNA (ctDNA) may be at only 0.1% of cfDNA. Therefore, NGS sequencing depth needs to be
significantly deeper than with FFPE DNA to increase the chances of amplicons being generated and
detected from the cfDNA. Hence, the aim was to sequence the cfDNA samples with a high sequence

depth of 8-10000X.
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2.3.2 Droplet Digital Polymerase Chain Reaction (ddPCR)

Droplet Digital PCR was used in this project to detect known changes in single nucleotide variation
(SNVs) in PIK3CA, AKT1 and ESR1 genes and quantify their MAF; and to detect copy number variation
(CNV) of HER2, MYC and FGFR1 genes in FFPE DNA and cfDNA samples from patients with endocrine
resistance breast cancer in FAKTION trial. DdPCR was selected due to greater sensitivity, precision and
reproducibility over similar methods such as gPCR (Huggett and Whale 2013). In addition, ddPCR was
used to validate NGS results for ctDNA and FFPE DNA and track variants of interest in longitudinal

samples and detect CNV of interest in ctDNA and FFPE DNA.

2.3.2.1 Principles of Droplet Digital PCR

This method was developed around the same principles as gPCR, allowing real-time quantification of
amplified DNA using oligonucleotide probes with a tagged fluorescent reporter and a quencher (Gut
et al. 1999). The oligonucleotide probe is complementary to a specific DNA sequence of interest and
can be about 20bp long. These probes include fluorophore reporters, which naturally emit light at a
specific wavelength that varies between fluorophores. In this study, three molecular reporters were
used: 6-carboxyfluorescein(FAM), hexachlorofluorescein(HEX) and 2’-chloro-7'phenyl-1,4-dichloro-6-
carboxyfluorescein(VIC), which emit light at a wavelength up to 525nm, 556nm and 554 nm,
respectively. The difference in light emission at a different wavelength and consequent absorption
from each fluorophore is used to distinguish between two reporters. Therefore, FAM and HEX/VIC
probes are associated with separate gene sequences. In this project, they were used to represent
mutant and wild-type DNA, respectively. The reporters are joined with a quencher on their respective

oligonucleotide, Figure 20.

A black hole quencher (BHQ) is a dye that can absorb fluorescence. When close to FAM or HEX/VIC,
the BHQ absorbs the released fluorescent light. The quenchers are located at the 3' end and the
fluorescent reporters at the 5' end of oligonucleotide probes. When a probe binds to complementary
DNA during PCR, reporters and quenchers are detached from each other by Taq polymerase. This
separation of the fluorophore from the quencher results in a fluorescence signal proportional to the
amount of amplified DNA. This allows for the reliable detection of fluorescence from the reader.
Therefore, when a mutant (FAM) or wild-type probe (HEX or VIC) binds to DNA, the probe is
fragmented by the enzyme and the reporter is separated from the quencher, allowing the detection

of FAM or HEX/VIC, which means detection of mutant or wild-type DNA, Figure 20.
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Figure 20. DNA quantification mechanism using fluorescent reporter labelled probes, and black hole
guenchers during ddPCR, image modified from (Biosearch 2016).

Dual-labeled BHQ probe
3

- DNA Duplex
(8) /<<\
-/

5

S’Bi;.ckHoleQuencher Dye | | | | | | | | | | | | | |

3
5" Reporter Dye \%

Annealing )

S Primer > Taq ||||||||||||||

Target sequence (e.g. ESR1 mutation)( 3’ Primer

* Elongation \é‘

‘5‘Primer>|||||||||||||Taq
Target sequence (e.g. ESR1 mutationgm‘

B - BHQ - Black Hole Quencher, R - 5' Reporter Dye, Taq — Taq polymerase enzyme.

The Bio-Rad ddPCR system partitions a single gPCR reaction into ~15.000 — 20.000 droplets using
water-oil emulsion chemistry, and gPCR reaction occurs in each droplet. Partitioning delivers
remarkable sensitivity and absolute quantification of DNA. Also, emulsion-based technology can
provide a higher number of partitions at a lower cost. Other forms of ddPCR that compartmentation
of reaction use solid partitions on chips (Hindson et al. 2011; Kreutz et al. 2011). In general, ddPCR has
greater sensitivity due to the increased number of partitions and is less prone to PCR inhibitors

(Huggett and Whale 2013).

However, ddPCR has limitations which include the concentration of DNA input. A lower DNA
concentration results in a smaller number of DNA-positive droplets and decreases the reliability of
detecting or quantifying DNA. Overloading a ddPCR can have a similar effect. Each reaction is designed
to contain one single DNA droplet, and when the ddPCR is overloaded, more than one DNA molecule

can be present in one droplet. Thus, the quantification of DNA becomes less reliable.

2.3.2.2 DAPCR Protocol

The total volume of the ddPCR reaction mix was set for 25 pL. Each set of probes was diluted to 5mM
whilst primers were diluted to 18mM per individual ddPCR reaction. The mutant primer mix contained

a FAM labelled probe complementary to the mutant allele, whilst the wild-type primer mix contained
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a HEX labelled probe complementary to the wild-type sequence. A total of 20ng of DNA was tested
using a 'mutation rare detection' assay, with the remaining volume made up of nuclease-free water.

The ddPCR reagents and conditions are presented in Table 7.

Table 7. ddPCR reagent mix and PCR conditions, table from Bio-Rad manual (Bio-Rad).

Vol T No. of
Reagent olum Cycling Step emperatu Time 0.0
el re cycles
2 x ddPCR Super Mix for 12.5 Enzyme Activation 95°C 10 min 1
probes (no dUTP)
20 x Variant primers and 1.25 Denaturation 94°C 30 sec
probe (FAM) 40

20 x Wild-type primers and 1.25

probe (HEX/VIC) Annealing/Extension 55-65°C 1 min
DNA template X Enzyme Deactivation 98°C 10 min 1
Nuclease free water 10 - x Hold 4°C infinite 1

Final Volume 25

X = 50fg to 100 ng; Lid heated at 105°C and sample volume set to 45ul.

DdPCR mix was transferred to a Bio-Rad DG8 Cartridge (1864008) with 70uL of Bio-Rad Droplet
Generation Qil for Probes (1863005), covered with a Bio-Rad DG8 Gasket (1863009) and placed into
the Bio-Rad QX200 Droplet Generator. The Droplet Generator produces approximately 20.000 droplets
per sample. On average, a single DNA molecule is incorporated into each droplet, depending on DNA
concentration. The generated droplets suspensions (45uL) were carefully transferred to a new PCR
plate and sealed using the Bio-Rad DX1 Plate Sealer. The sealed plate was placed in the Bio-Rad T100
Thermocycler, and the reaction was amplified using the program detailed in Table 7. The amplification
has occurred in each droplet. Next, the droplets were read with a Bio-Rad QX200™ Droplet Reader,

and final analyses were performed using the Bio-Rad QuantaSoft™ software.

Positive, wild-type and no template controls (NTC) were used for each ddPCR run to ensure the assays

correctly called positive and wild-type samples whilst excluding contamination.

2.3.2.3 DAPCR analysis using QuantaSoft software

The QuantaSoft software was provided by Bio-Rad and was used to detect single nucleotide and copy
number variation. The Droplet Reader was used to determine which droplet contained mutant DNA
template or gene of interest, which contained wild-type DNA or reference gene by quantifying the

fluorescence levels of FAM or HEX/VIC within each droplet, respectively.
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QuantaSoft software provides tools for reading the positive and negative droplets in each sample and
plots fluorescence droplets by droplet. Amplified targets within droplets are analysed using 1D and 2D
amplitude plots to define droplet positivity with the threshold obtained from positive control samples,
Figure 21. Once the thresholds had been established, the ratio of FAM and HEX/VIC positive droplets
were used to calculate MAF or Copy number (CN) for ctDNA. Finally, MAF, CN and respective standard

deviations were calculated using Poisson distribution.

The total number of droplets generated during ddPCR was also analysed to ensure the generation
droplet process happened efficiently, and the results were not influenced by droplet lysis at any stage.

For the ddPCR run to be successful, a minimum total of 10.000 droplets was required.

Figure 21. The 2D plot of ESR1 D538G assay.
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In this figure, blue cluster — FAM-positive droplets with the only mutant template (MT), orange cluster —
double-positive droplets with both templates inside (MT+WT), grey cluster - negative droplets with no
template, green cluster - HEX-positive droplets with only wild-type template (WT). MAF is calculated as
Fractional Abundance (MT/MT+WT).

In this chapter, | described a workflow of 44-gene NGS panel and ddPCR assays used to detect SNV and

CNV. In the next chapter, | will present optimisation with limit of detection of these methods for cfDNA.
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3. Optimisation and Validation of cfDNA Testing Methods

3.1 Introduction

Over the years, ctDNA has become frequently tested in clinical trials to find clinically relevant
biomarkers to select patients for new targeted therapies and monitor response and resistance to the
new treatments. The emergence of NGS and ddPCR technologies facilitated testing genomic or FFPE
DNA in detail. In addition, NGS development allowed high-throughput sequencing of multiple genes,
whilst ddPCR enabled very sensitive and specific gene mutations detection in low-concertation DNA

samples. However, the application of these methods to test ctDNA can be challenging.

3.2 Aims and Objectives

3.2.1 Aims

As part of this study, | intended to use the NGS targeted panel and ddPCR to investigate the most
relevant genes mutated in endocrine-resistant breast cancer and genes involved in PI3K/AKT pathway
in FFPE DNA and ctDNA samples from patients in the FAKTION trial. However, most commercial NGS
panels and ddPCR assays have been validated for genomic or FFPE DNA. In this chapter, | aimed to

validate 44-gene NGS panel and ddPCR assays for cfDNA testing.

3.2.2 Objectives

The main objectives are:

e To validate the ability of the targeted panel to detect cancer-specific mutations in ctDNA.

e To determine the limit of detection of 44-gene NGS panel for ctDNA by using reference cfDNA
standards.

e To determine the limit of detection of ddPCR assays

e To validate ddPCR for the detection of copy number variations in ctDNA.

3.3 Limit of Detection of NGS panel for cfDNA samples

As human cfDNA samples mostly contain very low DNA concertation. This section aimed to evaluate
whether the 44-gene NGS panel will detect low-frequency mutations in low input cfDNA. Also, to
identify what minimum sequencing depth is required to detect the mutation in cfDNA. The reference

standard cfDNA (HorizonDiscovery) samples at low concentrations with known mutations and their
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allele frequency were used for the assessment of the limit of detection, as would closely represent
human samples. The detection limit was not assessed for FFPE samples as standard NGS protocol was

validated by the AWMGS laboratory.

Two Reference Standard cfDNA (HorizonDiscovery) samples contained variants at various allele
frequency —16.7%, 5.6%, 5.3%, 2.5%, 1%, 0.5%, wild-type. Each frequency was sequenced in triplicate
at two total DNA inputs (5ng and 10ng), which created a total pool of 27 samples, Table 8. Two samples
(2.5% - 10ng and 1% - 5ng) failed library preparation; therefore, were excluded from the sequencing
final pool, Table 8. Reference standards were sequenced at expected minimum coverage of 5000X. At
this depths, 16.7%, 5.6%, 5.3%, 2.5%, 1%, 0.5%, VAFs were sequenced alongside wild-type (0%)
controls. The accuracy of detected allele frequency of EGFR mutations across different expected AF

0.5%, 1%, 2.5% and 5% are presented in Figure 22.
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Table 8. NGS detection results for cfDNA samples with known allele frequency mutations.

Total cfDNA input - 10ng
Library Library Library
Gene | variane (%7755t DN | oo [250nel DU | e [0l 2 | e [
(ng/ul) (ng/ul) (ng/ul)
PIK3CA H1047R 16.7 4579 22.38 3651 20.71 3513 16.60
AKT1 E17K 4015 2.57 3297 5.34 2853 6.73
BRCA2 L1691fs >-6 6080 6.55 5213 7.17 5462 9.94
V769-D770insASV | 5.6 312 3093 1.65 345 2847 3.13 3.15 2426 | 4.58
EGFR G719S 1839 2.83 2081 1.25%* 1661 5.90
E746-A750del15 >3 5155 7.58 4451 5.66 4267 6.07
T790M 1879 2.34 2302 2.87
L858R 2466 2.43 2186 1.56* i
EGFR E746-A750del 25 >-01 3506 | 6.05 4.34 3574 | 1.90 0-58 Failed
V769-D770insASV 4327 2.13 3501 0
T790M 1648 1.03* 1484 0 1731 0
L858R 2687 2.05 2285 0 1531 0
EGFR 1 6.78 3.28 3.59
E746-A750del 6336 2.86 5894 0 4216 2.35
V769-D770insASV 4366 0 4640 0 4589 0.92*
T790M 1306 0 1727 0 1579 0
L858R 1566 0 1924 1.30* 1943 0
EGFR E746-A750del 0.5 3.68 5195 | 0.69* 211 5081 | 0.87* 2.60 5792 0
V769-D770insASV 4816 0 6094 0 4874 0
T790M 1727 0 2063 0
L858R 2442 0 1765 0
EGFR E746-A750del wT 4.02 6154 0 2.89 3994 0 NT
V769-D770insASV 3094 0 2643 0
Total cfDNA input - 5ng
Library Library Library
Gene Variant Expected D.NA Depth Observed D.NA Depth Observed D.NA Depth Observed
AF (%) yield AF (%) yield AF (%) yield AF (%)
(ng/ul) (ng/ul) (ng/ul)
PIK3CA H1047R 16.7 2960 13.92 2658 13.13 3714 14.65
AKT1 E17K 5.6 2646 2.95 2539 5.00 2059 10.25
BRCA2 L1691fs 4275 10.32 2562 11.24 3969 4.01
- 1.99 1.97 1.67
V769-D770insASV 5.6 2398 1.29* 2213 2.89 2888 1.62%*
EGFR G719S 1135 0 930 2.69 1478 9.00
E746-A750del15 >3 3403 7.26 2277 3.47 4015 8.49
T790M 1067 2.62 899 2.45 1332 4.88
L858R 1746 3.49 1619 241 1796 4.62
EGFR 2.5 2.90 3.41 3.33
E746-A750del 3671 3.60 3689 3.82 3731 11.82
V769-D770insASV 2907 1.41%* 2913 1.47* 3156 3.23
T790M 1216 2.96 2144 0
L858R 1446 0 1664 0 .
EGFR 1 1.35 2.99 0.55 Failed
E746-A750del 3739 1.87 3720 3.60
V769-D770insASV 5243 | 0.95* 4674 0
T790M 1346 0 1229 0 2578 0
EGFR L858R 0.5 1.66 1985 0 1.7 1263 0 256 2624 0
E746-A750del 4076 0 2558 0 6268 0
V769-D770insASV 3187 0 2544 0 3722 0
T790M 2763 0
L858R 1981 0
EGFR WT 3.35 NT NT
E746-A750del 5574 0
V769-D770insASV 3882 0

NT — Not tested —-two 10ng WT and one 5ng WT reference ctDNA samples were tested. Samples that failed
library preparation were excluded from the final sequencing pool, *detected in IGV but missed by the variant
caller.
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Figure 22. Expected versus detected Mutant Allele Frequency of EGFR mutations.
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This figure shows the difference in observed MAF compared to expected MAF at two different DNA input
concentrations for EGFR mutations.

Figure 23. Expected versus detected Mutant Allele Frequency (MAF).
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The variants were visually assessed in Integrative Genomic Viewer (IGV) when the variant caller did
not detect mutations. If the variant was found in IGV with (equally distributed reads of the above total
of 20, it was included in positive results. This indicated that variant reporter could miss some
mutations; therefore, an inspection of the variant of specific interest with further validation by another
method like ddPCR can be valid and necessary when analysing human samples. Furthermore, the
detected allele frequency can differ from the expected frequency, and the difference can be much

higher in lower DNA concentrations, Figure 23.

The observed allele frequency was very close to the expected frequency in half of the samples. AKT1,
PIK3CA, BRCA2 (16.7% and 5.6% VAFs) mutations were detected at both DNA concentrations(total 5ng
and 10ng input). The variant caller missed EGFR insertions frequently, and visual inspection in IGV was
required, Table 8. The wild-type samples were sequenced during the same run, two at 10ng and one

at 5ng, to exclude the possibility of generating false-positive results. No mutations were found

The results showed that the variants could be detected at the lowest allele frequency of 2.5% for 5ng
and 10ng cfDNA concertation, Table 8. However, in 5ng cfDNA concertation, the AF can be less
accurate, Figure 23. The average sequencing depth achieved was 2700X, with a minimum of 900X. This
led to infer that the limit of detection for this panel was around 2.5% at 5ng and 10ng of total DNA
input. Although some of 1.0 % and 0.5% VAF mutations were present on review of the data in IGV, the
variant caller program did not call this. Detection at this level would require higher sequencing depth

but could create a risk of false positives.

3.3.1 Conclusions and Plan for Further cfDNA analysis

44 gene NGS targeted breast cancer panel detected mutations in various mutations at various allele
frequencies. The lowest MAF for SNVs was 2.5% at 5ng of total DNA input. The average sequencing
depth required was 2700X. The detected MAF was not as accurate as of the expected frequency and
with less accuracy presented at 5ng DNA concentration. In the next chapters, | will present detected
mutations by 44-gene NGS panel in human cfDNA samples from patients treated in the FAKTION trial

and further evaluate mutation detection with a more sensitive method such as droplet digital PCR.

3.4 Limit of Detection Analysis for Droplet Digital PCR for Somatic Mutations

Droplet digital PCR (ddPCR) allows mutation detection at higher sensitivity, against a background of

wild type DNA, compared with NGS. Mutations in ctDNA can be as low as 0.1% alternate allele
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frequency. The yield of ctDNA extracted from plasma can vary and can be low, affecting the assay.
Therefore, the method must have a low limit of detection to help overcome this. Also, the blood

sample must be appropriately handled to limit DNA degradation from white blood cells.

3.4.1 ESR1 ddPCR Assays

ESR1 PCR assays were not commercially available and therefore needed to be designed, validated and
optimised. Therefore, the sequences of ESR1 mutations were put on ddPCR Expert Design Assays — Bio-

Rad company website (https://www.bio-rad.com/en-uk/product/ddpcr-expert-design-

assays?ID=PG9AOFRT8IGY), where primers and probes were designed and then manufactured. ESR1

mutations sequences that required ddPCR assay design are presented in Table 9.

Table 9. ESR1 probes sequences.
Gene Location Mutation Sequence

ESR1 | chr6:152098791A>G | D538Gc.1613A>G 5’GCCCCTCTATG[G]CCTGCTGCTGG'3 (FAM)

ESR1 | chr6:152098788A>C | Y537S c.1610A>C 5’GCCCCTCT[C]JTGACCTGCTGCTGG'3 (FAM)

ESR1 | chr6:152098788A>G | Y537C c.1610A>G 5’GCCCCTCT[G]TGACCTGCTGCTGG'3 (FAM)

ESR1 | Chr6:152098787T>A | Y537N c.1609T>A 5'GCCCCTCJAJATGACCTGCTGCTGG’3 (FAM)

ESR1 Chré Wild-type 5’GCCCCTCTATGACCTGCTGCTGG’3 (HEX)

Base change is highlighted in green.

ddPCR Optimising Conditions

A temperature gradient was performed to determine the optimum annealing temperature for each
ddPCR probe/primer set. The reactions were run with an eight-step temperature gradient above and
below the primers' melting temperature (usually 50-60°C). The results were analysed using QuantaSoft
software as described previously. Primer/probe assays were validated using positive, wild-type ESR1

gblock controls and no template control (NTC) samples to ensure assay sensitivity and specificity.

For ESR1 mutations primer and probes sets, the optimum annealing temperature was between 52.9 -
55.7°C. Therefore, a temperature of 55°C was used, see example in Figure 24. This temperature was
selected as it allowed the most significant separation between positive and negative droplets whilst

avoiding false-positive droplets caused by non-specific amplification.
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Figure 24. Gradient temperature for ESR1 Y537C mutation ddPCR assay.
ESR1 mutant droplets

7000

6000 it
s 2 : H « 2 ‘b'-:ﬁ -r_-".:, . _ "5
5000 3‘5»-‘*»’%‘-"1’:1?"' bl R Sl et bedd . L

4000 ;

ot st

Amplitude

4000

Amplitude
~n
g

65°C 63.8°C 62°C 59.1°C  55.7%C 52.9°C 51°C 50 °C

QuantaSoft analysis - 1D amplitude plots with ESR1 mutant droplets (blue) and ESR1 wild-type droplets
(green).

Limit of Detection of ESR1 mutations using Gblock mutant

Diluted ESR1 mutated gblock and wild type ESR1 gblock to ~ 5000 copies each to achieve a working
range of the Bio-Rad ddPCR system (as described in section 2.2.1.1) was used for the limit of detection
assessment. The dilution series of ESR1 mutated gblock controls with wild-type ESR1 gblock were
performed to achieve VAF of 5%, 2.5%, 1.2%, 0.6%, 0.3% and 0.1%, Table 10. The negative sample was
wild-type ESR1 gblock, NTC — nuclease-free water. The series of dilutions were run with an annealing

temperature of 55°C.

Table 10. Limit of Detection of ESR1 variants.

ESR1 Number of mutant droplets (FAM positive)
mutations 5% 2.5% 1.25% 0.6% 0.3% 0.1%
D538G 416 217 100 51 24 19
Y537S NT 11 3 4 3 0
Y537N 210 59 35 20 16 4
Y537N Repeat NT 37 15 10 9 4
Y537C 188 21 failed 13 failed 3
Y537C Repeat 12 7 5 4 3 1

NT — not tested, Values in bold are where error bars did not cross 0; thus, this assay confidently detected
the variant in question. Five or more mutant droplets were required for confident detection of an individual
variant.
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Working with diluted gblock can be challenging. Gblocks are synthetically made DNA fragments, and
1ng gblock DNA is not equivalent to 1ng of genomic DNA. In 1ng genomic DNA (3.379bp), there are
~300 copies of the target gene in the background of other genes. In contrast, 1ng of gblock DNA has ~2
billion copies of pure synthetic DNA (500bp) of the only target (e.g., ESR1) gene with no background of
genomic DNA; therefore, this required serial dilutions to the operating range of the Bio-Rad ddPCR
system (~9000 copies per ul). These samples were required to be diluted by more than a factor of
1,000,000 for useable levels for a ddPCR system of ~9000 copies per ul. The formula for determining
how many DNA fragments were contained in 1ng of gblock is presented in Appendix 8.1 (Prediger
2013). The dilutions were undetectable by the Qubit fluorescence method; therefore, a desirable
number of DNA copies relied on calculations and accurate dilutions. Table 10 shows that the different
number of DNA copies occurred for different ddPCR assays, using the same dilution calculation to
achieve the same MAF. This shows how difficult it was to achieve the desired DNA copy number for the

assay.

The lower limit for positive mutation was challenging to establish due to difficulty in achieving accurate
dilutions. There are currently no clinical guidelines to standardise ctDNA detection across patients with
cancer. Moreover, the droplet values used in the literature are variable, with some studies only
requiring two droplets (Hrebien et al. 2016; Riva et al. 2017) and others five (Huang et al. 2016). This
cut-off of five droplets was chosen and applied in clinical practice by the AWMGS (ddPCR Standard
Operating Procedure; LP-GEN-ddPCR). | proceeded to analyse our data using a minimum of five mutant
droplets needed for confident ctDNA detection providing all controls were free of contamination.
Although this may have compromised the sensitivity of ctDNA detection, this provided confidence in

the findings.

One or more inappropriate DNA molecules in a control sample would invalidate any results obtained
from cfDNA. In all accompanying wild-type and NTC reactions, no mutant droplets were detected,

providing this assay with a specificity of 100%.

3.4.2 PIK3CA ddPCR Multiplex Assays

PIK3CA multiplex assays used in this project were designed and validated by AstraZeneca (AZ) and
manufactured by Integrated DNA Technologies (IDT). Further optimisation was performed by AWMGS
NHS laboratory. These assays were used in the FAKTION trial as part of patient stratification. The trial
mainly focused on detecting Exon 9 mutations (p.E542K and p.E545K) and Exon 20 mutations
(p.H1047R and p.H1047L). DdPCR assays were used for the detection of PIK3CA mutations in cfDNA
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and FFPE DNA. Two multiplex assays were used to test for four mutations, but the results from these

assays can inform that a PIK3CA mutation was found in a specific exon but could not be characterised.

The limit of detection was performed by AWMGS NHS staff and concluded that samples containing ~5
mutant droplets with the generation of >10,000 total droplets were classified as positive. The detection
limit of both PIK3CA assays was between 0.5-0.7% at 10ng of DNA. When using lower concentration

DNA, e.g., 5ng, then the level of detection was reduced.

3.4.3 AKT1 ddPCR assay

AKT1 assay (FAM-10031246, HEX- 10031249) was an 'off the shelf' assay validated by the Bio-Rad
company; therefore, no gradient temperature was performed. The recommended temperature of
55°C was used for testing. Bio-Rad reported the sensitivity of 0.1%, using Horizon MCF10a (MUT),
Promega female human genomic DNA (WT) in dilution series of mutant DNA in ~40,000 copies of wild-

type DNA background.

The limit of detection was also performed with available genomic AKT1 p.E17K controls, Horizon
reference standard gDNA (HD753). The series of dilutions of 5% AKT1 positive controls with AKT1 wild-
type DNA, Horizon reference standard (HD172), were performed to achieve MAF at — 5%, 1%, 0.5%,
0.1%, and 0.05%. WT and NTC were used to exclude false-positive results and contamination,

respectively. As a result, AKT1 p.E17K was detected at the lowest level of 0.2% MAF in 10ng DNA input.

3.4.4 Summary of SNVs detection

Three ddPCR assays validations were performed for this project. Three different limits of detections
were found. This depended mainly on the type of sample, was used for validation. The validation of
ESR1 ddPCR assay with gblock was not the optimal validation due to reliance on the accuracy of
calculations and multistep dilutions, which was challenging to achieve the accurate limit of the
detection. Although the ESR1 gblock was probably less suitable for validation than human cfDNA
samples, it was available at that time of the experiments. PIK3CA ddPCR assay was validated by

AWMGS using FFPE DNA samples. AKT ddPCR assay was validated with genomic standard references.
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3.5 Comparison Between NGS and ddPCR Detection of Mutations in FFPE DNA
and ctDNA

NGS was used to detect mutations in FFPE and ctDNA in baseline samples and at the end of treatment
ctDNA samples. It was cost-effective to track these mutations in ctDNA using ddPCR. This was
acceptable as there was a good correlation between the two methods. The correlation was assessed
using Bland-Altman plots for both ctDNA and FFPE tumour tissue DNA, Figure 25. Data used here
included detection of PIK3CA, ESR1, AKT1 mutations by NGS and ddPCR in FFPE DNA and baseline and

end of treatment ctDNA samples.

72



Figure 25. Correlation between NGS and ddPCR.
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3;6 Copy Number Variation (CNV) ddPCR Assay Validation

Detection of HER2, MYC, and FGFR1 amplification in ctDNA was assessed in this study, where the wide-
type gene can be present in multiple copies. The normal human genome has two copies of each gene.
If the gene is amplified, more than two copies can be found. The amplification can be detected in
tumour tissue DNA using immunochemistry (IHC) and FISH techniques. However, it can be challenging
to identify the increased number of copies of a gene in ctDNA when a sample is contaminated with
normal DNA, Figure 26. The immunochemistry and FISH methods cannot be used to detect
amplification in ctDNA. However, ddPCR allows the detection of small copy number differences and

provides highly accurate measurements.

Figure 26. lllustration of the difference between FFPE DNA and ctDNA in the proportion of tumour CNV
containment.

100%
Amplified gene
Amplified gene 2 gene copies ]—1 0% ctDNA
<
= 50%
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FFPE Circulating
DNA DNA

Green colour represents normal DNA with two copies of genes. Blue represents cancer DNA with two
copies of genes. Red represents cancer DNA with an amplified gene.

The CNV ddPCR assays contain primer mixes against two separate genes. The primer mixture which
contained the FAM probe was designed against a region in the gene of interest, whilst the mixtures
containing the VIC probe was designed against a region in a gene that is a static non-amplifiable gene,
therefore used as a reference gene. DNA was partitioned into ~14,000 - 20,000 droplets per reaction.
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PCR setup and droplet generation were performed as described in section 2.3.2.2, and cycling
conditions were described in Table 7 with an annealing temperature of 60°C. The Copy Number
Variation settings were used on the QuantaSoft software at the point of droplet reading. This
software-generated ratio between the target droplets and control droplets automatically, producing

a copy number value, Figure 27.

To call a gene amplification in the sample, the assay conditions required to be achieved include a
minimum of 400 droplets of the reference gene and 400 droplets for the target gene, minimum of
total droplets above 10.000. If conditions have not been met, the test can be inconclusive and require
further sampling if possible. In this study, we were limited with samples, but more samples could be

requested from patients in diagnostic settings.

Figure 27. The 2D plot of CNV HER2 assay.
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In this figure, blue cluster - FAM-positive droplets with only target gene HER2, orange cluster - double-
positive droplets with both templates inside(HER2+EIF2C), grey cluster - negative droplets with no
template, green cluster - VIC-positive droplets with only reference gene EIF2C. Copy Number(CN)

calculation: CN = Target gene/Reference gene *Nb(number of copies of reference loci in the genome
(usually 2).

3.6.1 HER2 amplification

HER2 amplification and tumour percentage content in the sample

Two tissue samples with known HER2 copy number and tumour percentage content were used to

assess the minimum of tumour DNA at which amplification can still be detected. First, the pathologist
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established the tumour content during the histopathological assessment. Then, these tissue DNA
samples were diluted in series dilutions with wild-type cfDNA, reducing tumour DNA content and
number of copies, Table 11 and Table 12. The aim was to mimic cfDNA, which contains significantly
more wild-type DNA than cancer DNA. The ratio of tumour DNA and wild-type DNA in cell-free DNA
can vary, but the most common ratio was 90 - 99% of wild-type DNA to 0.1-10% of tumour DNA. This
experiment aimed to establish the percentage of tumour DNA in the sample at which the amplification
can be confidently detected.

1. Extracted FFPE DNA sample with confirmed 12.4 copies of HER2 gene detected previously by FISH
was used for dilutions, Table 11. A pathologist estimated tumour cell content at 70% before DNA
extraction. AP3B1 reference gene (see Appendix 8.2) was used for the assay. The sample was
diluted with wild-type DNA in series dilutions to the level of 0.5% of tumour cell content. The 12.4
copy number of HER2 was also being diluted whilst being mixed with wild-type DNA. The samples
with lower tumour DNA content (2.2-0.5%) were tested in duplicate and triplicate. The
amplification was detected at level 3.43 copies at 4.35% of tumour DNA, Table 11. However, the
samples with low tumour content of 2.2-0.5% had results close to two copies, and therefore the
amplification could not be detected. This shows that the amplification might not be detected by

testing cfDNA samples with very low ctDNA content.

Table 11. Series dilutions of HER2 DNA sample with known 12 HER2 copies and tumour content of 70%.

Tumour Content % HER2 CN HER2 CN Repeat 1 HER2 CN Repeat 2

70 12.40

35 9.03
17.5 6.57

8.7 4.06

4.3 343

2.2 2.54 2.32

1.1 2.05 2.23 2.39

0.5 1.93 2.1 2.01

X — Not tested, CN — Copy Number. Lower percentages of tumour content < 4.3% were tested in duplicate
or triplicate.

2. Breast cancer sample with confirmed 6 HER2 copies confirmed by FISH and 20% of tumour cell
content. This sample's extracted DNA was mixed with wild-type DNA in series dilutions to 1.25% of
tumour DNA. The 5% of tumour content was the level where | could confidently detect HER2
amplification at 3.09 copies. 2.5% tumour content was tested on two occasions: once in triplicate

and the second time in duplicate, Table 12.
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Table 12. Series dilutions of HER2 DNA sample with 6 HER2 copies and tumour content of 20%.

Tumour HER2 CN HER2 CN HER2 CN HER2 CN HER2 CN HER2 CN
Content % 1st test Repeat 1 Repeat 1 2nd test Repeat 2 Repeat 2
20 6.46 6.96
10 4.41 4.54
7.5 3.9 4.2 X
5 3.56 3.09 3.35 3.3
2.5 2.52 2.89 2.62 2.56 2.71
1.25 X X X 2.63 2.38 2.32

X — Not tested, CN — Copy Number, Lower percentages of tumour content < 7.5% were tested in duplicate
or triplicate.

| could not establish a clinical cut point for HER2 status in this study as | detected only one HER2
amplification in 55 ctDNA samples. However, Gevensleben et al. (2013), in their study, showed that
samples with detected numbers of copies of more than 2.6 could be amplified. If | used this cut off
here, some of the samples from low tumour DNA content could have been called positive. Three
samples out of five levels 2.5% tumour content tests have crossed a threshold of 2.6 copies. The level
of 1.25% tumour content was tested in triplicate, and only one sample has marginally crossed the cut

point of 2.6 copies, therefore unable to call this amplification.

This shows how difficult it can be to detect amplification in the cfDNA samples with low tumour DNA
content. Also, the very high copy number of the gene could be detected in a lower percentage of
tumour content but also, a very low level of 3 or 4 copies might be difficult to detect in 10% of tumour
DNA. The main issue is that we do not know how much tumour DNA is present in the cfDNA sample
and the primary copy number in the tissue DNA when testing, which puts this testing at risk of

detecting false negatives.

Detection of amplification in the sample with known tumour DNA content

The detection of gene amplification in ctDNA could be more confidently performed when tumour DNA
content in cell-free DNA is known. The detection of somatic mutation in the same sample could help
assess the content of tumour DNA. The allele of a mutation can estimate the percentage of ctDNA in
the sample. For example, if PIK3CA mutation or any other variant was detected in the cell-free DNA
sample at MAF of 10%, this can suggest that the sample contains at least 10% of tumour DNA. There

is a possibility that this sample could contain more tumour DNA but probably not less. | have tested
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five samples with the known allele frequency of PIK3CA mutation in ctDNA and presumed HER2
negative (based on IHC +/- FISH report of primary FFPE). | attempted to identify HER2 amplification in

these ctDNA samples.

Table 13 shows samples with an allele frequency of PIK3CA mutations and the detection of HER2
amplification. This approach can potentially help determine whether the unamplified sample is truly
unamplified as the sample contain enough tumour DNA where the amplification could be detected if
it existed. Sample no 154 with known PIK3CA mutation at the allele frequency of 48.6%, suggesting a
very high tumour DNA load in the sample, allowing for the detection of HER2 amplification at 11.4
copies, Table 13. Sample no 150 and 175 were non-amplified samples as there was enough ctDNA to
determine copy number variation. Sample no 001 has a likely negative result as the ctDNA content is
borderline. However, sample no 144 has a very low ctDNA content of 2.5%. It can be challenging to
assess amplification at this level, as this was established in the previous section; therefore, the result

is inconclusive.

Table 13. HER2 amplification detection in samples with PIK3CA mutation a different MAF.

P 4 atic

ple 1D R A D ed
A

001 6.4% 1.85 Likely negative
150 25.5% 2.15 Negative
154 48.6% 11.4 Positive
175 16.8% 1.87 Negative
144 2.5% 2.3 Inconclusive

MAF — Mutant Allele Frequency, CN — Copy Number

Table 14 shows other patients with known multiple or single point mutations in ctDNA samples in
which amplifications in MYC or FGFR1 gene were tested. In patient no 42, despite PIK3CA mutation at
7.84%, the MYC amplification result was inconclusive as it failed to meet the control merits described
above and would require further sampling and testing to verify the result. If known previous mutation,
this can help estimate how much tumour DNA is in cfDNA and help us decide on testing for
amplifications. Unfortunately, this is not always possible in a clinical setting and depend on detecting

a somatic mutation in the ctDNA sample.
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Table 14. HER2, MYC, FGFR1 detection in samples with known SNV mutations.

HER2 MYC FGFR1
amplification amplification amplification
ESR1 6.3% o . .
17 Non-amplified Amplified Non-amplified
TP53 18.2%
ESR1 1.3% g . .
42 PIK3CA 8% Non-amplified Non-amplified Inconclusive
. (o)
PIK3CA 37.8% o ) o
104 Non-amplified Inconclusive Non-amplified
TP53 17.6%
108 PIK3CA 20.4% Non-amplified Amplified Amplified
35 ESR1 18.4% Non-amplified Amplified Amplified

MAF — Mutant Allele Frequency, SNV — Single Nucleotide Variation. The inconclusive result if the sample
did not meet control measures.

3.6.2 MYC amplification

MYC amplification has been considered a bad prognostic factor for breast cancer patients and can play
arole in endocrine resistance, as described in the introduction chapter. However, MYC s not routinely
tested in clinical practice as currently, there is no targeted therapy. The ddPCR method will be
evaluated in this section as an exploratory method on the 55 end of treatment ctDNA samples,

therefore unable to establish sensitivity and specificity in this setting.

Identification of clinically meaningful cut off to detect gene amplification.

Identification of the clinically meaningful threshold of any test for patients is a frequent problem in
medical research. The establishment of technical cut-off for increased copy number could have been
not challenging if all samples could be called amplified when the sample has more than two copies of
the gene present in the sample. However, it has not been evaluated whether having three copies or
six copies of a specific gene will have the same clinical effect on a breast cancer patient. Therefore, it
is essential to establish the clinical threshold, which would consider the number of copies and be
clinically meaningful to the patient and clinician. Therefore, the maximally selected rank statistics
(MAXSTAT) was used for this project. MAXSTAT was evaluated in other studies to determine the
clinical threshold (Hothorn and Lausen 2003; Lausen B et al. 2004). R code was taken from

http://www.sthda.com/english/wiki/survminer-0-2-4.
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This approach provides a classification of observations into two groups by a continuous or ordinal
predictor variable. For this calculation, the copy number ratio (CN ratio) was evaluated, which is a
number of copies of the gene of interest divided by the reference gene (for example, HER CN/EIF2C
CN). The normal CN ratio should be 1. The clinical threshold was calculated using the CN ratio of a
specific gene and progression-free survival (PFS) of 55 patients to find the significant difference
between the two groups of patients, divided by the CN threshold. The cut-point at 1.3 copy number
ratio, p=0.0025, was found significant, Figure 28. For these calculations, | have only included samples
that had enough DNA to call CN ratio confidently. This required minimum of 400 droplets of reference
gene droplets, and the total number of droplets was >10000. 50 of the end of treatment ctDNA

samples were qualified for this test.

Figure 28. Determination of MYC amplification cut point by MAXSTAT statistics.
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This figure illustrates the distribution of MYC copy number ratios and the determined cut-off, which has
potential clinical relevance concerning PFS.

The PFS for two groups divided by a cut-point of 1.3 CN ratio was assessed by the Kaplan-Mayer curve
in Figure 29. A statistically significant PFS difference of 3.5 months, p = 0.002, was identified. This
difference of 3.5 months has a significant clinical difference in favour of the un-amplified group. This
could suggest that a true small increase in the copy number of MYC gene in ctDNA could have a
significant clinical impact on patients' PFS.
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Figure 29. Kaplan-Meier Curves presenting PFS between MYC amplified and non-amplified groups.
Progression free survival by MYC amplification in FFPE/ctDNA
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Kaplan-Meier Curves demonstrated 3.5 months difference in PFS between patients with MYC amplification
and non-amplified MYC.

3.6.3 FGFR1 Amplification

A similar analysis for the FGFR1 gene was performed. The same ddPCR method but with FGFR1 CNV
assay with the same reference gene EIF2C was investigated and validated. The maximally selected
rank statistics (MAXTAT) was applied to establish a provisional clinical threshold. From 55 of the end
of treatment cfDNA samples, 52 samples yield results. We found the FGFR1 copy number ratio
threshold at 1.76, p = 0.002, Figure 30.

The progression-free survival for two groups divided by a cut-point of 1.76 CN ratio was assessed by
the Kaplan-Mayer curve in Figure 31. A statistically significant PFS difference of 3.1 months, p = 0.0004,
was identified. This difference of 3.1 months has a significant clinical difference in favour of the un-
amplified group. This could suggest that a higher increase in the copy number of the FGFR1 gene could

have a significant clinical impact on patients' PFS.
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Figure 30. Determination of FGFR1 amplification cut-point by MAXSTAT statistics.
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3.6.4 Summary of CNV Detection

Copy number variations can be challenging to detect in ctDNA. This can depend on ctDNA content in
cfDNA and the primary number of copies of a specific gene. The higher content of ctDNA and the high
level of gene copies in the sample would increase amplification detection. The ctDNA content in cfDNA
could be identified before testing for gene amplification by detecting common somatic mutations. The

number of gene copies could be assessed in tissue DNA, but new biopsies are not always possible.

The increased number of copies of the gene could have a different clinical effect, depending on the
gene's functional role. It seems that a small increase in MYC copies can play a significant clinical role.
However, for amplified FGFR1 to have a clinical effect, it requires a higher number of gene copies. It
is vital to detect gene amplification in samples tissue or ctDNA. However, it is also essential to identify
the clinical limit of detection for each gene to ensure this genetic change can be used as a biomarker
in future clinical trials and clinical practice. This would require further validation in future studies

where gene amplification detection is correlated with clinical information.
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4. Molecular Assessment of Baseline ctDNA and FFPE DNA to Identify
SNVs Associated with Resistance to Endocrine Therapy Received

Prior Trial Treatment.
4.1 Introduction

In this chapter, | intended to detect biomarkers associated with resistance to endocrine therapy in
baseline FFPE DNA and ctDNA samples. This chapter investigates the utility of baseline ctDNA matched
to FFPE DNA in 34 patients with metastatic endocrine-resistant breast cancer treated with endocrine
therapy before FAKTION trial enrolment. In this chapter, | explore mutation detection using Next
Generation Sequencing (NGS) panel and droplet digital PCR (ddPCR) and assess concordance between
tissue and plasma samples, identify reasons for discordance and correlate with clinicopathological

features.
4.2 Hypothesis, Aims and Objectives

4.2.1 Hypothesis and Aims

This chapter aims to test the hypothesis that multiple mutations in PIK3CA, AKT1, PTEN, ESR1 and
TP53 genes can be detected in baseline FFPE DNA and matched ctDNA. Furthermore, | aimed to

identify potential reasons for discordance between matched samples.

4.2.2 Objectives

This project aimed to determine the ability and limitations of the NGS panel and ddPCR in detecting

low-frequency mutations in ctDNA. In this chapter, the objectives are:

e To explore the ability to detect mutations in PIK3CA, AKT1, PTEN, ESR1, TP53 in baseline ctDNA
and FFPE DNA using 44-gene NGS panel and ddPCR.

e To assess detected mutations' concordance between ctDNA matched to FFPE DNA samples.

e To identify potential reasons for discordance between samples.

e To identify the correlation between mutation detection and clinicopathological features of

patients with endocrine-resistant breast cancer.
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4.3 Single Nucleotide Variation Detection in Baseline Samples in Patients

with Endocrine-Resistant Breast Cancer.

Objectives: Can 44-gene NGS panel and digital droplet PCR detect mutations in PIK3CA, AKT1, PTEN,
ESR1, TP53 in baseline ctDNA and FFPE DNA, and if so, what is the concordance between FFPE DNA

and ctDNA samples? What are the potential reasons for discordances?

34 Patients for this chapter were randomly selected from 140 FAKTION trial patients with the
complete set of baseline tissue and blood samples available at the time of experiments. These baseline
samples were collected prior to randomisation in the FAKTION trial. The concordance assessment
between 34 FFPE samples and 34 matched plasma samples (total 68 samples) was performed, Figure
32. All patients had histologically confirmed invasive breast cancer, which was ER-positive and HER2-
negative at diagnosis. Patient clinicopathological characteristics of this cohort of patients compared

to the patients in the FAKTION trial are presented in Table 15.

Figure 32. Diagram illustrating patient selection for Chapter 4.

*Baseline *Baseline
. FFPE ctDNA
FAKTION trial ' samples samples
patients 34 patients .
N = 140 Randomly selected with N=34 N=34
completed set of
baseline tissue and
blood samples at the
time of the project Concordance between samples

*Baseline samples collected prior treatment received in FAKTION trial
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Table 15. Clinicopathological characteristics of 34 patients in comparison to FAKTION patient population.

Ful + Capi Ful only
(GET)) (n=71)
Median Age 63(43-81) 62 (42-81) 61 (40-82)
Histopathological subtype
IDC 27 (79%) 57 (83%) 58 (82%)
ILC 2 (6%) 4 (6%) 12 (17%)
mixed IDC/ILC 2 (6%) 5 (7%) 0
Other 1 (3%) 3 (4%) 1(1%)
NA 2 (6%) 0 0
Number of disease sites
1mt site 14 (41%) 15 (22%) 19 (27%)
>2 met site 18 (53%) 54 (78%) 52 (73%)
NA 2 (6%) 0 0
Metastatic sites
Brain 0 (0%) 1(1%) 1(1%)
Liver 10 (29%) 32 (46%) 29 (41%)
Lung 8 (24%) 30 (43%) 28 (39%)
Bone 28 (82%) 58 (84%) 55 (77%)
Lymph nodes 10 (29%) 28 (41%) 30 (42%)
Pericardial or pleural 2 (6%) 5(7%) 3 (4%)
Chest wall or skin 1(3%) 1(1%) 3 (4%)
Other visceral 2 (6%) 2 (3%) 1(1%)
Previous adjuvant endocrine therapy
yes 23 (68%) 60 (87%) 65 (92%)
no 10 (29%) 9 (13%) 6 (8%)
NA 1(3%) 0 0
Previous endocrine treatment (metastatic or locally advanced setting)
0 lines 6 (18%) 9 (13%) 6 (8%)
1line 23 (68%) 39 (57%) 45 (63%)
22 lines 4(12%) 20(29% 20 (28%)
NA 1(3%) 1(1%) 0

*n=34 patients evaluated in this project from 140 FAKTION patients, Ful — fulvestrant, Capi — capivasertib,
n — number of patients, NA - Not Available, IDC - Invasive ductal carcinoma, ILC - invasive lobular cancer

Overview of detected mutations in the PIK3CA, AKT, PTEN, ESR1 and TP53 genes in ctDNA and FFPE
DNA are presented in Table 16. Most relevant genes to the PI3K/AKT pathway will be evaluated in the
first instance, followed by ESRI mutations associated with endocrine resistance. In addition, TP53

mutations were assessed as essential factors, although not directly related to resistance.
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Table 16. Mutation detection in PIK3CA, AKT1, PTEN, ESR1, TP53 gene in ctDNA and FFPE DNA.

PIK3CA PIK3CA RW.\ q)k AKT1 PTEN PTEN ESR1 ESR1 TP53 TP53
FFPE ctDNA FFPE ctDNA FFPE ctDNA FFPE ctDNA FFPE ctDNA

NA NA NA NA

35
21
106
23
65
38
45
17

77
115
51
132
131
Concor. 71% 97% 94% 73% 88%
* Two different PIK3CA mutations detected in ctDNA and FFPE DNA. Dark colours - represent mutation

detection in the specific gene. Light colours — represents — wild type. NA — Sample not available for NGS
analysis, Concor. — Concordance between FFPE DNA and ctDNA.
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4.3.1 PIK3CA Mutation

Objectives: Can 44-gene NGS panel and ddPCR detect mutations in PIK3CA gene in baseline ctDNA and

FFPE DNA? What is the concordance between these samples?

4.3.1.1 PIK3CA mutation status and concordance between FFPE DNA and ctDNA

24 (71%) of 34 patients had concordant PIK3CA status between ctDNA and matched FFPE DNA
samples, which included 10 patients with PIK3CA mutation and 14 patients with wild-type PIK3CA in

both samples, Table 16.

10 (29%) of 34 patients had discordant PIK3CA status, including nine patients with PIK3CA mutation
detected in FFPE DNA only and two patients with PIK3CA present in ctDNA. Patient 44 had two
different PIK3CA mutations detected in ctDNA and FFPE DNA and therefore was included in the

discordant group, Table 16

A total of 23 PIK3CA mutations were found in 20 (58.8%) patients (exon 20 — p.H1047R (8), p.H1047L
(2), p.H10431 (1), exon 9 (p.E545K, p.E542K) (5), p.E726K (3), p.E970K (1), p.N345K (1), p.E110Del (1),
p.C378W (1)). Three patients had two PIK3CA mutations detected, Figure 33 and Table 17.

All mutations in this study were detected by a 44-gene targeted NGS panel, except for PIK3CA exon 9
mutations (p.E545K, p.E542K) which were not covered by the panel. The multiplex ddPCR PIK3CA exon
9 assay was used to detect one of two PIK3CA p.E545K or p.E542K mutations. The positive results of
this test can be read as 'positive mutation in exon 9 (p.E545K, p.E542K)' but cannot be characterised
as described in chapter 3 (section 3.4.2). Mutations in exon 20 (p.H1047R and p.H1047L) were

confirmed using multiplex ddPCR PIK3CA exon 20 assay.
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Figure 33. PIK3CA mutations' positions in PIK3CA functional domains and the frequency of mutations
detected in FFPE and ctDNA in this project.

H1047R
A H1047L
C378W E545K M1043I
E110Del N345K E542K E726K E970K
v \4 Vv v V
Q;m;e; i Wkl q .— c2 Helical Kinase
domain domain domain — domain domain )
16 105 187 289 330 487 517
694 797 1068
B PIK3CA mutations detected in FFPE DNA C PIK3CA mutation detected in ctDNA
E110del
N345K 5% N345K

5%

E970K

M1043I
5%

471
0%

A PIK3CA functional domains represent mutations found in this study B Frequency of mutations in FFPE
DNA and ctDNA C.

The mutation in ctDNA might be challenging to detect for various reasons. The use of ctDNA has its
limitations. The detection could be affected by: inadequate sample handling, the presence of a very
low amount of ctDNA related to the burden and cell turnover of the tumour, the discrimination of
ctDNA from cfDNA, and the accurate quantification of the number of mutant DNA fragments in the
sample using diagnostic tests (Diaz and Bardelli 2014). Test sensitivity could be affected by a low cfDNA
yield or insufficient sensitivity of methods to detect very low-frequency mutations. FFPE samples
contain more tumour DNA as has been taken directly from cancer cells. Although there would be
normal cells in the sample, the proportion of tumour DNA to normal tissue DNA is much higher and
can be estimated by the pathologist. However, formalin fixation of the sample can damage DNA
strands that create false positives results. The biopsy is also taken from a tiny part of the tumour, and

cells with the mutation can be missed due to intratumour heterogeneity.
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4.3.1.2 Evaluation of PIK3CA discordance

Objectives: What are the potential reasons for PIK3CA discordances between FFPE DNA and ctDNA?

PIK3CA detection in ctDNA versus sampling

Technical factors, such as adequate sample handling and transport to the central laboratory, storage,
the time between collection and analysis, can play a significant role in mutation detection in ctDNA.
In the FAKTION trial, sample collection had its protocol and was performed by trained staff. Blood
sample collection in Streck tubes and time between collection and analysis was strictly supervised. If
the sample arrived at the laboratory after 94 hours, then another sample request was issued. Despite

all these strict protocols, technical errors can still happen.

Influence of endocrine therapy on the mutation detection in ctDNA

Despite clinical disease progression, endocrine therapy could continue to slow cancer growth or
decrease cell turnover and release less DNA to the bloodstream. The lower amount of DNA could
affect mutation detection in ctDNA. 'Washout period' of a few days or weeks when the patient is not

on anticancer treatment could increase ctDNA release as the cancer growth or cell turnover increases.

In 12 patients with PIK3CA variant detected in ctDNA, 7 (58.3%) had samples collected whilst on the
endocrine treatment, and 5 (41.6%) were not on treatment. In 8 patients which no PIK3CA mutation
detected in ctDNA but had mutation present in FFPE DNA, 5 (62.5%) patients were actively taking
endocrine therapy, and 2 (25%) were not on treatment, 1 had no date of last treatment (Fisher test,
p=0.0656, two-tailed). The analysis suggested that endocrine therapy did not significantly influence
the PIK3CA mutation detection in the ctDNA.

ctDNA concentration and methodological issues

Table 17 shows DNA concentrations of the samples with the final library concertation and sequencing
depth. | assessed ctDNA concentration extracted from the plasma of patients to assess whether
patients with PIK3CA detected had higher levels of ctDNA. Interestingly, the average concertation of

cfDNA samples with wild type PIK3CA was slightly higher than the concentration of samples with
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positive PIK3CA mutation, 18.6ng/ml of plasma and 16.9ng/ml of plasma, respectively. However, no
significant difference in DNA concertation means between the two groups was found (Mann-
Whitney, p=0.664). The total minimum requirement of cfDNA concentration for ddPCR was 2ng, and

for the 44-gene targeted panel was 5-10ng.

In patients with discordant results, | reviewed the NGS performance to evaluate if the discordant result
could be due to technical issues in library preparation or sequencing performance. Low concertation
of DNA in the final stage of library preparation could suggest a failure of the process. Only if more DNA
material was available, the library preparation was repeated prior to sequencing. Insufficient
sequencing coverage could also explain why mutations were not detected. For example, the main
reason for the discordance in patient 94 was a low sequencing depth of the ctDNA sample (p.N345K
—116X). In Patient 44 insufficient coverage of FFPE DNA (p.E970K - 18X) could also be the main reason

for discordance, Table 17.

Table 17. PIK3CA concordance and discordance between FFPE and ctDNA.

DNAcon  Lib NGS ddPCR con Lib NGS  ddPCR
E D! % Depth Depth
FFPE ctDNA (ng/ul) (ng/ul) AF(%)  AF(%) (ng/ml) (ng/ul) AF(%)  AF(%)

*exon 9
E110del] NA 5.6 | 13.8 2411 29.1 | n~T |21.80| 12.2 [ 2195 | 38 NT
H1047R| 70 0.6 | 16.3 |12067| 21.5 | nNT 5.5 | 12.8 | 6000 | 9.7 | 7.2
H1047R| 40 0.9 |17.8|3274|30.3| 34.6| 89 | 16.0 (7467 | 2.8 | 2.2
E726K | NA | 39.9 | 5.2 |1057 | 6.1 NT | 4.42 | 9.1 |3541| 10.0 | NT
H1047R 16310| 33.8 | 30.0 7625 | 3.1 | 2.5
Cc378W 80 3.4 15.8 9663 | 30.8 | NT 11.41 139 4729 | 3.3 NT
H1047R| NA 4.0 NT NT NT | 32.1| 7.18 | 21.0 | 9432 | 15.3 | 17.1
H1047R| 90 39.1 | 16.8 [12926| 35.0 | 32 |13.20| 14.7 | 9530 | 2.2* | NT
H1047R| 80 29 | 12.5|5713| 70.2 | 70.7| 7.7 | 13.9 | 9367 | 8.7 | 11.1
E726K | 80 7.0 | 11.6|1887 | 21.0| ~NT | 18.9| 9.7 [ 3153 | 3.5 NT

M1043I 13990| 42.5 NT 14677 (0} NT
40 0.1 3.5 43.4 | 11.6
E970K 18 (0} NT 12371 7.4 NT
H1047R 4542 | 36.9 | 36.6 6378 (0} 0
45 20.0 15.7 8.8 6.9
E726K 1503 | 9.1 NT 2098 (0} NT
H1047R| 25 0.4 5.2 | 4527 | 39.8 | 39.5| 49.6 | 4.9 | 4037 (0} 0
H1047L| NA 18.8 12.9 [ 5363 | 12.6 | 11.6 | 7.56 | 14.3 | 7062 (0} 0
H1047L| 90 46.2 18.6 (12271| 56 NT |12.22| 13.0 |11758 (0} fail
*exon9 70 4.7 15.8 NT NT 32.8 117.32| 11.6 NT NT 0
N345K NA 20.3 17.6 | 1790 | 33.5 NT |13.12| 17.0 | 116 (0} NT
*exon 9| 90 26.0 15.4 NT NT 13 6.9 16.0 NT NT 0
*exon9| NA 7.7 9.1 NT NT 33.4 116.92| 20.2 NT NT (0}
*exon 9| 80 32.0 6.0 NT NT 0 26.8 | 14.6 NT NT 18.7

*Exon 9 — (p.E542K, p.E545K), NT - Not tested, AF —Allele Frequency, * AF detected under the limit of
detection, Final Lib — Final Library DNA concentration, Tumour % - estimated tumour cell content (%), DNA
con — DNA concentration, Seq depth — sequencing depth.
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PIK3CA concordance and time interval between FFPE and blood sample

Patients in this study had biopsy or resection performed at primary diagnosis, recurrence of the
disease or disease progression. Plasma samples were taken before the FAKTION trial randomisation;

therefore, there was a significant time interval between tissue and blood samples in most patients.

In 10 (50%) patients with a concordant PIK3CA mutation in FFPE DNA and ctDNA, the median time gap
was 4.2 years (range of 1.9 — 17.1 years, log-rank test, p=0.52), Table 18. In 10 (50%) patients with
discordant PIK3CA status, the median time between samples was 9 years (range 0.1 — 16.7, log-rank
test, p=0.52), which was more than twice longer than the concordant group and almost three times
longer than patients with wild-type PIK3CA, the median gap time of 2.6 years (range 0.02 — 14.3 years).

The time intervals between samples for each patient are presented in Table 19.

Table 18. Median time intervals between FFPE and plasma for patients with PIK3CA (years).

Concordance between FFPE and ctDNA PIK3CA wild-

Yes No type

Number of pt 10 10 14

Median time

between 4.2 9 2.6

samples(years)

Range (years) 1.9-17.1 0.1-16.7 0.02-14.3

p value 0.52

The time difference between the samples collection of two matched samples (FFPE and plasma) can
influence the discordance data and reflect cancer biology. The longer gap between samples could
allow for biology cancer to change. This could account for difficulty detecting mutation in ctDNA

and discordance between FFPE DNA and ctDNA samples.
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Pt ID

FFPE ctDNA

Age

Histology

Table 19. Clinicopathological features of patients in this project.
Time between
FFPE and
plasma (years)

Biopsy site

Metastatic sites

54 IDC 12,5 primary Bone + lung
70 IDC 5.4 primary Bone + liver
76 IDC 4.1 primary LN
76 IDC 1.9 metastases Bone + LN
63 IDC 17.1 primary Bone
71 IDC 2.1 primary Bone + liver + lung + LN
71 ILC 7.9 primary Bone + liver
57 IDC 4.3 metastases Bone
52 IDC 2.7 primary Bone + lung + LN
74 IDC 2.2 metastases Bone + liver
66 IDC 9.2 metastases Bone
57 IDC 14.9 primary Bone + liver + pleural + LN
56 IDC 0.9 primary in Bone
met set
54 IDC 2.9 primary Bone
68 IDC 8.5 primary Bone + lung
59 mixed 12.6 primary Bone
53 NA NA metastases NA
58 IDC 16.7 primary Bone
72 IDC 16 primary Bone + lung + adrenal
57 IDC 8.9 primary Bone + liver
35 43 IDC 7.9 primary Bone + liver + pleural + LN
21 61 mixed 8.2 primary Liver
106 76 IDC 3.8 Primary in Bone
met set
23 66 ILC 2.0 primary Bone
65 55 IDC 1.2 primary Bone + lung + LN
38 66 IDC 1.6 primary Bone + LN
45 81 IDC NA primary Chest wall
17 59 IDC 3.9 primary Bone + LN
77 70 other 2.5 primary Bone
111 49 IDC 14.3 primary Bone + Liver
115 70 IDC NA metastases| Bone + Liver + Lung + LN
51 67 IDC 15 primary LN
132 64 IDC NA primary Bone + lung
131 55 NA 2.7 metastases NA

IDC - Invasive Ductal Carcinoma, ILC - Invasive Lobular Carcinoma, mixed — mixed IDC and ILC, "primary
in met set" — biopsy taken from primary breast tumour in the metastatic setting.
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PIK3CA status versus clinicopathological features

Objective: Is It possible to find a correlation between mutation detection and clinicopathological

features of patients with endocrine-resistant breast cancer?
A variety of clinicopathological features were collected, such as age, histology, the burden of disease
in stage IV breast cancer, to explore correlation with the concordance and discordance of PIK3CA,

Table 20.

Table 20. Clinicopathological characteristics of patients.

FFPE ctDNA Concordant PIK3CA
Total n Total n
PIK3CA MT | PIK3CA WT p PIK3CA MT | PIK3CA WT p yes no p
Age
>63 17 9 8 7 10 9 6 3
0.73 0.47 0.37
<=63 17 10 7 5 12 11 4 7
Histology
Ductal 27 16 11 11 16 17 9 8
Lobular 2 1 1 0.94 1 1 1.00 1 1 0 0.36
Mixed 2 1 1 0 2 1 0 1
Metstatic site
liver 10 5 5 0.63 5 5 0.32 6 4 2 0.63
lung 8 5 3 1.00 3 5 1.00 5 3 2 1.00
bone 28 17 11 0.29 11 17 1.00 18 9 9 1.00
LN 10 5 5 0.63 4 6 1.00 5 4 1 0.30
other 5 2 3 0.63 0 5 0.13 2 0 2 0.21
Number of metastatic sites
1 met 14 8 6 4 10 8 3 5
0.928 0.471 0.37
>1lmet 18 10 8 8 10 11 7 4

At randomisation, the median age of the 34 patients was 63 years and was used as a cut off between
younger and older patients. No statistical difference was found between age groups (chi-square,
p=0.37), Table 20. The most common histological subtype for breast cancer is invasive ductal
carcinoma (IDC), and in this study, the majority (79%) of patients had IDC histology. Therefore, it was

difficult to find an association with the cancer subtype.
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PIK3CA mutation vs burden of the disease

All patients in this study had stage IV of breast cancer, which means that their breast cancer had
invaded one or more other organs like bone, liver, lung, lymph nodes, or others. Stage IV definition
covers a broad range of metastatic diseases. The metastatic disease of a patient with a small
metastatic bony lesion will be defined as stage IV and the patient with extensive disease involving
bone, liver, lung, and brain. A single metastatic site can also have different degrees of extensiveness.
For example, one single lesion in bone versus disease spread throughout the skeleton. Staging does
not inform us about the severity of the metastatic disease. Moreover, the survival of this patient with
or without treatment will be different. Patients with single bone metastasis can survive years, but the

survival of a patient with multiple extensive metastases can be counted in weeks or months.

Patients with different sites involvement can represent different molecular profiles which can
complicate any analysis. Patients in this study had multiple organs involved, apart from the brain, as
those patients were excluded from the trial. Table 20 shows the distribution of metastatic sites
involved in the entire cohort of patients with distinction for PIK3CA status. Other studies suggested
that PIK3CA mutations can be associated with liver and bone metastasis (Daneshmand et al. 2012;

Ruiz et al. 2019).

In this study, there were 14 (41%) of 34 patients with one metastatic site, 11 (32%) of 34 patients with
two metastatic sites, 3 (8.8%) patients with three metastatic sites, 4 (11.8%) patients with four
metastatic sites, and two patients with no data available. The majority of patients (82.3%) in this
project had bone metastases. Interestingly, patients with more than one metastatic site had more
PIK3CA mutations detected in ctDNA (67% vs 33%) and much higher positive concordance between
FFPE DNA and ctDNA samples (70% vs 30%), Table 20 and Figure 35.

10 of 14 patients with the single metastatic site had bone metastases, and 2 of 14 patients had
lymphadenopathy, one patient was with chest wall metastasis, and one was with liver metastases.
Only 3 of 10 patients with bone disease and 1 of 2 with lymphadenopathy had PIK3CA detected in
ctDNA.
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Figure 34. PIK3CA status in FFPE DNA, ctDNA, PIK3CA concordance vs Metastatic sites.

PIK3CA PIK3CA .
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* Two different PIK3CA mutations detected in ctDNA and FFPE DNA. Dark colours - represent the presence
of a mutation in the column for PIK3CA detection or the presence of metastasis in the specific site. Light
colours —represent — wild type in the PIK3CA column or no metastasis present in the specific site. NA —data
not available.
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Figure 35. PIK3CA status in FFPE DNA and ctDNA versus the number of metastatic sites.
PIK3CA detection in ctDNA and concordance versus
number of metastatic sites
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The findings could suggest that a more advanced disease with multiple metastatic sites sheds more
DNA into the bloodstream, and therefore, there is a higher chance of detecting a mutation in ctDNA.
However, in patients with a single, non-visceral metastatic site, detecting mutation in ctDNA could
be more challenging and be a reason for discordance between FFPE DNA and ctDNA. There is a
possibility that the nonvascular metastatic site could shed less or no DNA to circulation or have a

different genetic profile.

PIK3CA detection in FFPE and treatment exposure.

27 (79.4%) of 34 patients had tissue taken from the primary tumour, and 7 (20.6%) of 34 patients had

a biopsy taken from the metastatic lesion.

14 (73.7%) of 19 patients with PIK3CA mutation detected in FFPE DNA had the biopsy or resection of
their primary tumour performed before commencing systemic therapy (treatment-naive). 7 (50%) of
the 14 patients had PIK3CA mutation concordant between FFPE DNA and matched ctDNA sample.
Other 50% of patients had PIK3CA mutation discordant with PIK3CA present only in FFPE DNA.
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5 of 19 (26.3%) patients had PIK3CA mutation detected in metastatic FFPE DNA. 3 (60%) of 5 patients
also had PIK3CA mutation concordant between FFPE and ctDNA samples. Patient 44 had two different
PIK3CA mutations detected in matched samples. These patients had many years free of disease before

relapse, and the tissue was taken from the metastatic lesion at the time of disease relapse, Table 21.

Table 21. Treatment exposure in patients who had tissue assessed from the metastatic lesion.

Time Time
1 .
Adj between = between | Number |Total time
patient | Primary | endocirne Primary rimary Dx PIK3CA DNA ctDNA blood of on
ID Surgery | therapy [ metastatic :n d re:: se mutation MAF(%) MAF (%) ** and endocrine |endocrine
(years) ( ear:) ° tissue Tx Tx (years)
v (years)
94 . . . . N345K 33.50% 0 NA NA NA
44 Yes 5.1 . 143  110431/E970K 42.5% 7.4% 9.2 3 8.6
71 Yes 5.1 . 22.0 H1047R 30.3% 2.2% 1.9 2 1.9
115 Yes 5.1 . 11.3 . . . NA 2 1.3
34 Yes 2.7 . 4.2 H1047R 35.0% 2.2% 43 LrEE 9.7 *k*
131 . . yes . . . . 2.7 1 2.1
84 Yes yes . E726K 21.0% 3.5% 2.2 1 23

* M1043I detected in FFPE DNA, E970K detected in ctDNA. ** PIK3CA mutation in baseline ctDNA at the
recruitment to FAKTION trial, after endocrine resistance to endocrine therapy in the metastatic setting.
*** This patient had a disease relapse while receiving adjuvant endocrine therapy. ND — Not detected.

This shows that PIK3CA concordance is more likely to be found between FFPE from metastatic
lesions and ctDNA samples taken in the metastatic setting. Therefore, assessing concordance
between FFPE DNA from the primary tumour and ctDNA sample taken in metastatic could be a

potential reason for discordance.

PIK3CA detection vs endocrine therapy

All patients in this study were treated with at least one line of endocrine therapy, which had to include
Als before entering the FAKTION trial. In this project, 14 (41.2%) patients had one endocrine
treatment, 10 (29.4%) had two endocrine therapies, 9 (26.5%) had three treatments, and one (2.9%)
had no data available. In addition, 17 (50%) patients received only Als, and 17 (50%) received a
combination of Als with tamoxifen in the adjuvant or metastatic setting. The median duration of
endocrine therapy for these patients was six years. | have assessed three factors that could influence
PIK3CA concordance and detection of PIK3CA mutation in ctDNA, using chi-square test: 1 - the number
of endocrine treatments (1 or > 1), 2 - tamoxifen with Al versus Al only, 3 - duration of endocrine

therapy, Table 22.
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Table 22. Endocrine treatment versus PIK3CA mutation detection.

FFPE ctDNA Concordant PIK3CA
Total n Total n
PIK3CA MT | PIK3CA WT p PIK3CA MT | PIK3CA WT p yes no p
Number of endocirne therapies
1 treatment 14 6 8 3 11 6 3 3
0.247 0.16 1
>=2
19 12 7 9 10 13 7 6
treatments
Endocrine thrapy type
Ta::‘:x;\fle" 17 10 7 7 10 11 5 6
0.611 0.554 0.65
Al only 17 8 8 5 11 8 5 3
Duration of endocrine therpay
> = 6 years 17 11 6 7 10 12 5 7
0.3 0.473 0.65
<6 yras 17 8 9 5 12 8 5 3

Al-Aromatase Inhibitors, MT mutation, WT- wild-type

Figure 36. PIK3CA status versus the number of endocrine therapies received by patients.

PIK3CA status in ctDNA and concordance vesus number of
endocrine therpies

MTPik3CAin ctDNA - [
WT Pik3CA in ctDNA |
Positive concordance |

Discordant |

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
W 1treatment M > 2 treatments

Concordant/Discordant PIK3CA mutation between FFPE DNA and ctDNA, MT — Mutated PIK3CA, WT — wild-
type PIK3CA.

No statistical difference was found between groups of patients in the three assessments above.

However, patients treated with more than one endocrine treatment are more likely to have PIK3CA

mutation detected in ctDNA, Figure 36.
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4.3.2 AKT1 Mutations

Objectives: Can 44-gene NGS panel and ddPCR detect mutations in AKT1 in baseline ctDNA and FFPE

DNA? What is the concordance between these samples? What are the reasons for discordances?

AKT1 gene is a vital gene included in the PIK3CA/AKT pathway, activated by p.E17K mutation. | found
3 of 34 (8.8%) patients with AKT1 p.E17K mutation in this study. AKT1 p.E17K All mutations were found
using the NGS panel and validated by ddPCR. 2 of 3 patients had concordant results between FFPE
DNA and matched ctDNA. However, 1 of 3 had a discordant result with missing AKT mutation in the
ctDNA, Table 23.

Looking at the results in Table 23 and Table 24, | could identify potential reasons for discordance in
patient 80. No technical issues related to the library preparation and sequencing performance were
found. However, looking at clinical aspects, patient 80 had had a single nonvascular metastatic site
(bone) which could have a different genetic profile or shed less ctDNA to the bloodstream, and

therefore, no AKT and PIK3CA mutations were detected in ctDNA.

Table 23. AKT1 mutations found in FFPE DNA and ctDNA

PtID Gene Mutation 9%  DNAcon Finallib Seq  NGS ddPCR DNAcon Finallib Seq ~ NGS  ddPCR
Tumour (ng/ul)  (ng/ul) Depth MAF (%) MAF(%) (ng/ml) (ng/ul) Depth MAF (%) MAF (%)

AKT1 | E17K 22 g b 467
80 NA 18.8 12.9 8] 3 38 7.6 143 o73 0 0
PIK3CA | H1047L 5363 | 12.6 | 11.6 7062 0 0

131 | AKT1 | E17K NA 313 143 | 3680 | 423 | 385 | 142 9.7 | 5600 | 0.5* 0.7

132 | AKT1 | E17K NA 46 17.7 | 3760 | 388 | 32.6 5.2 89 | 5962 | 3.6 2.9

NA — data not available, MAF - Mutant Allele Frequency, NT - Not tested, * AF detected under the limit of
detection, DNA con — DNA concentration, Seq depth — sequencing depth, Final Lib — Final Library DNA
concentration, Tumour % - estimated tumour cell content (%).

Table 24. Age, Histology and Metastatic sites for AKT1 positive patients.

Age Histology Time between FFPE and Biopsy site Met:c\static
ctDNA (years) sites
80 54 IDC 2.9 Primary Bone
131 55 NA 2.7 Metastases NA
132 64 IDC NA Primary Bone + lung

IDC — Invasive Ductal Carcinoma, NA — data not available.

100



AKT1 p.E17K mutation can be detected in the FFPE DNA and ctDNA samples using the 44-gene NGS

panel. The single non-visceral metastasis could potentially be a reason for discordance.

4.3.3 PTEN Mutations

Objectives: Can the 44-gene NGS panel detect mutations in PTEN in baseline ctDNA and FFPE DNA?

What is the concordance between these samples? What are the reasons for discordances?

PTEN gene is a tumour suppressor gene that plays an essential role in regulating the PI3K/AKT
pathway. Loss of PTEN function or mutation that causes loss of function can activate this pathway. |
found 3 (8.8%) of 34 patients with PTEN mutations using only the 44-gene NGS panel. One patient had
concordant PTEN mutations between FFPE DNA and ctDNA matched samples. 2 of 3 patients had

discordant results with undetected PTEN mutations in ctDNA, Table 25.
Two PTEN mutations (p.C136R and p.R130Q) detected could have caused PTEN loss of expression,
confirmed by IHC. Pathogenic PTEN p.D92V mutation did not cause a loss of PTEN expression but could

contribute to the loss of PTEN function.

Table 25. PTEN mutation detected in FFPE DNA and ctDNA, PTEN expression in FFPE by IHC.

PtID Gene Mutation % DNA con FinalLib Seq NGS DNAcon FinalLib Seq NGS
Tumour (ng/ul) (ng/ul) Depth MAF (%) (ng/ml) (ng/ul) Depth

PTEN 136R 7 4. 42 27.1
123 c136 NA 5.6 13.8 3678 34.3 21.8 12.2 86
PIK3CA | E110del 2411 29.1 2195 38
PTEN | R130Q 1005 6.4 4181
111 70 18.1 53 14.7 9.0
TP53 | D281Rfs 8740 26.4 16678 0
PTEN D92V 3208 33.2 1276
110 | PIK3CA | H1047R 80 3.4 15.8 16310 33.8 114 13.9 7625 3.1
PIK3CA | C378W 9663 30.8 4729 3.3

IHC — Immunohistochemistry - 0 — Loss of PTEN expression, 3 — normal PTEN expression, Pt no — Patient
number. MAF - Mutant Allele Frequency, Final Lib — Final Library DNA concentration, Tumour % - estimated
tumour cell content (%), Seq depth — sequencing depth.
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Table 26. Clinicopathological features of patients with PTEN mutation.

IHC

. E B
PtID Age Histology Time between FFP |c->psy PTEN Metastatic sites

and ctDNA (years) site

result

123 70 IDC 5.4 Primary 0 Bone + Liver
111 49 IDC 14.3 Primary 0 Bone + Liver
110 71 IDC 2.1 Primary 3 Bone + Liver + Lung + LN

Pt no — Patient number. IDC — Invasive Ductal Carcinoma, LN — Lymph nodes

Potential reasons for discordance in these patients could be technical or biological. For example, in
patient 110, insufficient sequencing depth could be the main reason for not detecting PTEN mutation
in ctDNA. However, in patient 111 could be a long time interval between FFPE and plasma of 14.3
years. The molecular biology of cancer could have changed over time and under multiple treatments

exposures like chemotherapy, radiotherapy and endocrine therapy.

NGS can detect PTEN mutations in primary tumour FFPE DNA and ctDNA. The reasons for PTEN

discordance between these samples could be biological or technical.

4.3.4 ESR1 Mutations

Objectives: Can 44-gene NGS panel and ddPCR detect mutations in ESR1 in baseline ctDNA and FFPE

DNA? What is the concordance between these samples? What are the reasons for discordances?

10 (29.4%) of 34 patients were found ESR1 mutations, and all mutations were found to be discordant
between FFPE DNA and ctDNA. 9 of 10 patients had ESRI mutation detected in ctDNA only, using NGS
and ddPCR. 1 of 10 patients had ESR1 mutation detected in FFPE DNA from the primary tumour in a

metastatic setting, but no prior endocrine therapy was received.

In this section, ESR1 mutation discordance between FFPE DNA from the primary tumour or metastatic
lesion with no prior treatment exposure and ctDNA was expected. However, ESR1 concordance was
expected between FFPE DNA from metastatic lesions and ctDNA exposed to prior Al treatment. In this
project, two patients (44 and 71) had metastatic lesions tested. However, the metastatic tumours
were biopsied prior to commencing endocrine treatment; therefore, no ESRI mutations were

expected in these lesions.
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Other potential reasons for not detecting ESR1 mutation in FFPE tissue could be low FFPE DNA yield
and poor sequencing coverage. For example, in patient 45, the FFPE DNA was of poor quality and had
very low DNA concertation and sequenced with a coverage of 66. Thus, the mutation would not be
detected with this level of coverage even if it was present in the sample. Unfortunately, there was no

further DNA material available to confirm with ddPCR.

The ESR1 discordance between primary FFPE and ctDNA samples was in keeping with current
literature. ESR1 mutations were mainly detected in ctDNA samples in patients with acquired Als

resistance.

Table 27. ESR1 mutations detected in FFPE DNA and ctDNA.

PtID Gene Mutation Tymour M FinalLib Seq  NGS  ddPCR DNA el Lib Seq NGS  ddPCR
FFPE ctDNA con con
(ng/ul) Depth MAF (%) MAF (%) (ng/ul) Depth MAF (%) MAF (%)
(ng/ul) (ng/ml)

ESR1 | Y537S 3111 | 125 13.5 4156 0 0
PIK3CA | H1047R 25 0.4 5.2 4527 | 39.8 395 | 49.6 49 | 4037 0 0
TP53 P142S 1973 5.7 NT 2568 0 NT
ESR1 | D538G 3977 0 NT 4827 | 2.0* NT
NA 13 131 30.2 17.1
TP53 | N131Y 4859 | 717 NT 6912 | 9.2 NT
ESR1 | D538G 1588 0 NT 6929 | 2.9 NT
PIK3CA | M1043I 40 0.1 35 13990 | 42.5 NT 43.4 11.6 | 14677 0 NT
PIK3CA | E970K 18 0 NT 12371 7.4 NT
ESR1 | E380Q 7351 0 NT 13568 | 1.4* NT
40 0.9 17.8 89 16.0
PIK3CA | H1047R 3274 | 303 34.6 7467 | 2.8 2.2
ESR1 | Y537S 60 0.3 155 | 10326 0 NT 42.0 16.7 | 6440 | 5.0 NT
ESR1 | E380Q 5253 0 NT 14760 8.0 NT
NA 39.9 5.2 4.42 9.1
PIK3CA | E726K 1057 6.1 NT 3541 10 NT
ESR1 | Y537C 4122 0 0 5147 | 9.2 5.6
80 25 15.0 6.8 115
TP53 G244V 2603 | 40.5 NT 4818 | 21.7 NT
ESR1 | Y537C NT NT 0 6978 | 1.4* 15
NA 4.1 NT 718 21.0
PIK3CA | H1047R NT NT 32.1 9432 | 153 17.1
ESR1 | D538G NA 16.2 16.7 2861 0 NT 21.6 12.8 | 5569 | 12.8 NT
ESR1 | D538G 80 0.8 4.4 66 0 0 25.8 17.6 | 6700 | 0.8* NA

Pt ID — Patient number, MAF — Mutation Allele Frequency, *Mutation detected under the limit of detection.
NT — Not tested, NA — data not available, Final Lib — Final Library DNA concentration, Tumour % - estimated
tumour cell content (%),, DNA con — DNA concentration, Seq depth — sequencing depth.
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Table 28. Clinicopathological characteristics of patients with ESRI mutations

Ti FFPE
PtID Age Histology ;:‘jzeDtxl : ((e:l‘ears) FFPE source Metastatic sites

57 56 IDC 0.9 primary in Bone
met set

17 59 IDC 3.9 primary Bone + Left SCF LN
44 66 IDC 9.2 metastases Bone
71 76 IDC 1.9 metastases Bone + LN
77 70 NA 2.5 primary Bone
129 63 IDC 17.1 primary Bone
51 67 IDC 15 primary LN
122 71 ILC 7.9 primary Bone + Liver

. Bone + Liver + LN +
35 43 IDC 7.9 primary Pleural
45 81 IDC NA primary Chest wall

Pt ID — Patient number, IDC — Invasive Ductal Carcinoma, ILC — Invasive Lobular Carcinoma. LN — Lymph
node, SCF supraclavicular fossa metastasis.

4.3.5 TP53 Mutations

Objectives: Can 44-gene NGS panel detect mutations in the TP53 gene in baseline ctDNA and FFPE

DNA? What is the concordance between these samples? What are the reasons for discordances?

In this project, | found 9 (23.5%) of 34 patients with TP53 mutations. 5 of 9 patients had TP53
mutations concordant between FFPE DNA and ctDNA samples. 4 of 9 had discordant TP53 mutations
between samples, Table 29. In this group of patients, it has become apparent that most TP53
mutations are co-existent with other mutations like PIK3CA, ESR1, PTEN. The most common co-
existing mutations were in the PIK3CA gene (5 variants); others were in the ESR1 gene (4 variants) and

PTEN gene (1 variant), Table 29.

The potential reasons for discordance for patients 57 and 111 were discussed in previous sections. In
patients 108 and 138, TP53 mutations were not detected in ctDNA potentially due to a long-time gap

between samples (8.9 and 16 years) as no technical reasons were identified, Table 30.

Clinicopathological characteristics are presented in Table 30. The median age at randomisation of
patients with mutated TP53 was 56 (range 49 -72), and the even younger median age of 53 at biopsy
or resection of the tumour when TP53 mutation was first detected. This group of patients appeared

to be younger than patients with wild-type TP53 with a median age of 66 (43 — 81) and 61 at the time
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of tissue sampling. These patients present with the extensive disease with at least two or more
metastatic sites, suggesting more aggressive disease. Furthermore, the more aggressive disease is
associated with high cancer cell turnover and could contribute to increased shedding of ctDNA, which

enable mutations detection in ctDNA and better concordance between FFPE and ctDNA samples.

TP53 mutations appear to be more common in younger women with more aggressive disease, which
could contribute to increased shedding of ctDNA and better concordance between FFPE and plasma
samples. However, the reasons for discordance could be biological, with a long gap between
samples. In addition, the TP53 mutations commonly co-occur with other activating mutations, and
their presence can potentially affect the treatment that involves endocrine therapy with inhibitors

of the PI3K/AKT pathway.

Table 29. TP53 mutations detected in FFPE and ctDNA.
TP53

. DNA DNA
Pt1D Gene Mutation ymour con FinalLib  Seq NGS . FinalLib  Seq

FFPE CtDNA % (ng/ul) Depth MAF (%)
% ng/u e %
ng/ut) " i

NGS

(e Rce/aby Reepthl (MARX)

TP53 | N131del
TP53 | C277F 13255 65.5 19653 | 0.7*
NA 20.3 17.6 13.1 17.0
PIK3CA[ N345K 1790 335 116 0
TP53 | N131Y 4859 | 71.7 6912 9.2
NA 1.3 131 30.2 17.1
ESR1 | D538G 3977 0 4827 2.0*
TP53 | G244V 2603 | 40.5 4818 | 21.7
80 25 15.0 6.8 11.5
ESR1 Y537C 4122 0 5147 9.2
TP53 | C176R 3046 | 49.2 5129 4.9
80 2.9 12.5 7.7 13.9
PIK3CA| H1047R 5713 70.2 9367 8.7
TP53 | R280K 3988 | 27.2 12277 0
80 32.0 6.0 26.8 14.6
PIK3CA| *exon9 NT NT NT NT
TP53 | P142S 1973 5.7 2568 0
PIK3CA[ H1047R 25 0.4 5.2 4527 39.8 49.6 4.9 4037 0
ESR1 | Y537S 3111 12.5 4156 0
TP53 | D281Rfs 8740 | 26.4 16678 0
70.0 18.1 5.3 14.7 9.0
PTEN | R130Q 1005 6.4 4181 0
TP53 | R337L 3424 | 174 8522 0
NA 7.7 9.1 16.9 20.2
PIK3CA[ *exon9 NT NT NT NT

Pt ID — Patient number, MAF — Mutation Allele Frequency, NA — data not available, NT - Not tested, * AF
detected under the limit of detection, Final Lib — Final Library DNA concentration, Tumour % - estimated
tumour cell content (%), DNA con — DNA concentration, Seq depth — sequencing depth.
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Table 30. Clinicopathological features for patients with TP53 mutations.

PtID Age Histology -::::Iepilaaestr‘::‘;;el;l:rz;i Biopsy site Metastatic sites
115 70 IDC 0 metastases | Bone + Liver + Lung + LN
94 53 NA NA metastases NA
17 59 IDC 3.9 primary Bone + Left SCF LN
51 67 IDC 2.5 primary LN
104 52 IDC 2.7 primary Bone + lung + LN
108 57 IDC 8.9 primary Bone + liver
57 56 IDC 0.9 primary In Bone

met set
111 49 IDC 14.3 primary Bone + Liver
138 72 IDC 16 primary Bone + lung + adrenal

Pt — Patient number, NA — Data not available, IDC — invasive ductal carcinoma LN — Lymph node, SCF
supraclavicular fossa metastasis, primary in met set — primary in the metastatic setting.

4.4, Discussion and Clinical Implications.

Data presented in this chapter demonstrated that it is possible to detect various mutations in multiple

genes in ctDNA and FFPE DNA using a 44-gene targeted NGS panel and ddPCR. Furthermore, the

concordance of mutation detection between FFPE DNA and matched baseline ctDNA varied between

genes, and multiple causes for discordance were described.

The potential reasons for mutations discordance between FFPE and ctDNA in this project could be due

to:

Technical issues include sample collection, sample handling, transport and storage, low cfDNA
yield, poor quality DNA extraction, library preparation failures, low sequencing depth,
sensitivity or specificity of the method.

Quality skills of the person performing testing could contribute to false negative results. The
assessment of multiple mutations in various genes and using two methods can help us
investigate whether the mutation of interest was truly negative or positive.

The significant time gap between plasma and tissue samples during which patients have been
exposed to multiple adjuvant treatments and multiple endocrine therapies in a metastatic
setting could affect the disease's biology. Other studies suggested that the longer time
between samples, the higher risk of discordant samples (Jahangiri and Hurst 2019). This could

be due to a change in cancer biology and exposure to multiple treatments.
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Assessment of concordance in primary versus metastatic setting. Ideally, to assess true
concordance between samples, the evaluation of matched samples should occur in the
diagnostic setting of primary or metastatic disease. Most FFPE samples were from the primary
diagnostic tumours in this project, and plasma samples were taken in the metastatic or relapse
setting. | noticed a higher sample concordance between the metastatic lesion and ctDNA than
between samples with primary cancer tissue and ctDNA. This is in keeping with other reports
where the concordance of PIK3CA between metastatic lesions and ctDNA is much higher than
between primary lesions and ctDNA (Kodahl et al. 2018).

Cancer biology with vascular versus nonvascular metastasis. Patients with single nonvascular
metastatic sites had less likely to have concordant samples due to undetectable ctDNA. Similar
findings were reported by Kodahl et al. (2018), who found that patients with missing the
PIK3CA mutation in matched ctDNA samples had a nonvascular metastatic disease like bone
or lymphadenopathy. On the other hand, patients with extensive disease with visceral
metastasis can shed more ctDNA to the bloodstream and increase the chance of mutation
concordance. Thus, clinical information about the type and number of metastatic sites
involved could help understand and distinguish between technical or biological problems.
Biological reasons where discordance between the primary tissue sample and ctDNA is
expected. As an example, acquired resistant ESR1 mutations occur due to prolonged exposure
to endocrine therapy. In this study, 26.5% ESR1 mutations were detected in ctDNA of patients
with metastatic breast cancers with previous Al exposure, consistent with the literature
(Fribbens et al. 2016). Furthermore, ESR1 mutation was also detected in the FFPE DNA of one
patient (2.9%), which also was consistent with literature as Baselga et al. (2012), reported 3%

of ESR1 mutations in pretreatment tumour biopsies from the BOLERO-2 trial.

Other mutations like TP53, not directly associated with endocrine resistance, can provide valuable

prognostic information about cancer as TP53 is a bad prognostic factor for many cancers. Patients

with TP53 mutations present at a younger age with more extensive metastatic disease. This finding

was also reported by another study (Gasco et al. 2002). Thus, these TP53 driven cancers could

potentially shed more DNA into the bloodstream, and TP53 mutations and other mutations can be

more likely detected in ctDNA samples. This may influence clinical management, and follow-up

patients with a bad prognostic factor may require closer monitoring for disease progression signs or

early switch to a different therapy.
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Furthermore, TP53 mutations often can co-exist with other mutations like PIK3CA, ESR1, PTEN genes.
Other studies discovered the co-occurrence of TP53-PIK3CA at frequency 5.3 — 12.8% (Network 2012;
Fountzilas et al. 2016; Li et al. 2018b). Previous in vitro study showed cooperativity of TP53-PIK3CA in
breast carcinogenesis and demonstrated that this cooperation could increase genomic instability with
subsequent more significant tumour heterogeneity (Croessmann et al. 2017). Also, in vivo studies have
confirmed that TP53 and PIK3CA mutations show cooperation in mice's breast tumour formation
(Adams et al. 2011). The interesting question here is whether the co-occurrence of PIK3CA and TP53
can affect response to capivasertib and fulvestrant, and it could be evaluated in the next larger phase

Il trial.

Understanding biological and technical reasons for possible discordance can help plan the detection
of biomarkers in trials. This chapter suggests that it is possible to detect mutations within ctDNA.
However, clinicians need to consider the technical aspect of genomic testing, biological evolution of
cancer and clinicopathological information when assessing concordance between matched samples.

Also, the results should be put in the context of individual patients medical history.

CtDNA testing has important implications in the diagnostic setting, detecting disease relapse, and
monitoring disease during therapy. A blood test for ctDNA analysis is an attractive way to detect the
presence of multiple mutations and could complement the analysis on a patient's original tumour
biopsy or be a valid test when a biopsy of the primary tissue is impossible. However, there is a risk of
a false negative result due to the reasons explained above. However, assessing several commonly
mutated genes and repeat blood samples could help solve this problem. Furthermore, testing ctDNA
could be a first test that is less invasive for the patient, and if no mutation is detected, tissue biopsy

could be considered. This could help reduce the number of biopsies.

This chapter's results give bases for the next chapter where PIK3CA, AKT1, PTEN, ESR1, and TP53
mutations detected in baseline samples can be monitored in longitudinal samples whilst patients
undergo experimental treatment - fulvestrant and capivasertib in FAKTION trial. The quantitative

changes in allele frequency will be correlated with response to therapy.
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5. Molecular Assessment of Response to Treatment in Longitudinal
Plasma Samples in Patients Treated with Fulvestrant and AKT1

Inhibitor.

5.1 Introduction

Chapter 3 focused on mutation detection in baseline tissue and ctDNA samples, using a 44-gene NGS
panel and ddPCR. In this chapter, | have aimed to examine whether mutations detected in baseline
samples can be tracked in the longitudinal ctDNA samples in response to the combination treatment

of fulvestrant and capivasertib, using ddPCR and 44-gene NGS panel.

5.2 Hypothesis, Aims and Objectives

5.2.1 Hypothesis and Aims

This chapter aims to test the hypothesis that multiple single point mutations detected by NGS targeted
panel in baseline ctDNA and FFPE DNA can be tracked in sequential ctDNA samples and correlated

with the clinical response to the combination of fulvestrant and capivasertib.

5.2.2 Objectives

Using pre-treatment FFPE DNA and ctDNA samples, on day 1 of cycle 3 of treatment ctDNA samples
and at the disease progression ctDNA samples, | aimed to track mutations and correlate with clinical

response. In this chapter, the objectives are:

1. To explore the ability to detect mutations in longitudinal samples using ddPCR and 44-
targeted NGS panel.

2. To assess the ability to correlate changes in mutation allele frequency of detected mutations
in sequential samples with clinical response to the combination of fulvestrant and
capivasertib.

3. To assess the role of concurrent mutations in the TP53 gene on clinical response to trial

treatment.
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5.3 Translational Aspect of FAKTION Trial

The FAKTION trial was designed to investigate the efficacy of fulvestrant and capivasertib in patients
with hormone-resistant metastatic breast cancer. Enrolled patients were randomly assigned to
receive fulvestrant with either capivasertib or matching placebo until disease progression,
unacceptable toxicity, or withdrawal of consent. As part of the trial, translational blood samples were
collected at baseline, eight weeks of treatment, and the disease progression, Figure 37. In this chapter,
| aimed to focus on response to fulvestrant and capivasertib. During the ongoing trial, the evaluation
of both groups could put trial integrity at risk as it could potentially unblind treatment; therefore, |

evaluated samples from patients of the experimental arm only.

Figure 37. CtDNA sample collection time points in the FAKTION trial.
CtDNA sample collection timepoints in the FAKTION trial

Disease Progression
Start of the Cycle 2 Day 1 The end of the trial
treatment (8 week) treatment

Treatment — Fulvestrant +/- Capivasertib

1

1st cfDNA
sample, prior
starting therapy

3rd cfDNA
sample

2" cfDNA
sample*

*Patient who experienced disease progression at 2 or 3 months would have had two samples and the 2nd
sample will be the end of treatment sample

19 patients from 34 patients from chapter 4 were selected based on having the complete blood
samples sets from all time points in the experimental arm. | analysed ctDNA at each time point from
19 patients treated with fulvestrant and capivasertib. However, 3 of 19 patients withdrew from the
FAKTION trial due to intolerance of combination of treatment; therefore, these were excluded from

analysis as unable to correlate mutations changes to the treatment response. In addition, 1 of 19
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patients had no clinical data available at the time of the study. Therefore, | assessed genomic and

clinical data for 15 patients in this chapter, Figure 38.

Figure 38. Overview of patients and sample flow in chapter 3 and 4.

FFPE
samples

N=34

Baseline
ctDNA
samples
N=34

Patients treated with
FUL + CAPi with full sets
of sequential ctDNA
samples

N=15

7
N

Good and medium
responders
N=10

Bad responders
N=5

Samples in chapter 4

FUL — Fulvestrant, CAPi — Capivasertib

Samples assessed in chapter 5

Clinicopathological features of the selected 15 patients evaluated in this chapter compared to the

patient population in the FAKTION trial are presented in Table 31. In general, patients evaluated in

this project had similar characteristics to patients in the FAKTION trial. However, the median PFS for

the selected 15 patients was 4.8 months compared to 10.3 months for the entire patients' group

treated with combination therapy. Interestingly, these patients had less lung metastasis (7%)

compared to all patients in the FAKTION trial (39-43%) but more lymph nodes involved (60%,

compared to 41- 42%), Table 31.
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Table 31. Clinicopathological features for patients in FAKTION trial.

Ful +Capi (n=15%) Ful + Capi (n=69) Ful only (n=71)
Median Age 59 (43-76) 62 (42-81) 61 (40-82)
Median PFS 4.8 10.3 4.8
Histopathological subtype
IDC 13 (87%) 57 (83%) 58 (82%)
ILC 1(7%) 4 (6%) 12 (17%)
mixed IDC/ILC 1(7%) 5 (7%) 0
Other 0 3 (4%) 1(1%)
Number of disease sites
1 met site 5(33%) 15 (22%) 19 (27%)
>2 met site 10 (67%) 54 (78%) 52 (73%)
Metastatic sites
Brain 0 1(1%) 1(1%)
Liver 6 (40%) 32 (46%) 29 (41%)
Lung 1(7%) 30 (43%) 28 (39%)
Bone 12 (80%) 58 (84%) 55 (77%)
Lymph nodes 9 (60%) 28 (41%) 30 (42%)
Pericardial or pleural 2 (13%) 5(7%) 3 (4%)
Chest wall or skin 0 1(1%) 3 (4%)
other visceral 0 2 (3%) 1(1%)

*n=15 patient from 69 of Ful + Capi group evaluated in this project, IDC- Invasive ductal carcinoma, ILC -
invasive lobular cancer

The 44-gene NGS panel was applied to baseline and end of treatment ctDNA samples. Mutations
detected by the NGS method in PIK3CA, ESR1, AKT genes were tracked in sequential ctDNA samples
using ddPCR. | aimed to correlate allele frequency changes of detected mutations with a radiological
response and progression-free survival (PFS) and overall survival (OS). However, clinical data was not

available until all genetic testing was completed.

In the first instance, | describe ten patients with three longitudinal ctDNA samples available. These
patients have continued treatment after the first radiological response evaluation with computer
tomography (CT). Patients whose CT scan reported by RECIST1.1 criteria stable disease, partial
response, or complete response would have continued treatment beyond the first radiological
assessment. These patients would have a blood sample collected at baseline, eight weeks of treatment
and the third sample at the time of disease progression. Finally, five patients whose CT scan reported
progressive disease at the first radiological assessment would have blood taken at the baseline and
the disease progression. These patients would not have 8-week samples taken as this would be the
same time as the disease progression. These samples were called the end of treatment samples. At

this point, patients would discontinue treatment in the trial.
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RECIST 1.1 criteria were used to determine objective tumour response for target lesions (Eisenhauer
et al. 2009):
e Complete Response (CR) was defined as the disappearance of all target lesions, any
pathological lymph nodes (target or non-target) reduced in the short axis to <10 mm.
e Partial Response (PR) was determined at least a 30% decrease in the sum of diameters of
target lesions, taking as reference the baseline sum diameters.
e Progressive Disease (PD) was defined as a 20% increase in the sum of diameters of target
lesions, taking as reference the smallest sum on study. In addition to the relative increase of
20%, the sum must also demonstrate an absolute increase of at least 5 mm. Also, the
appearance of one or more new lesions was considered progression.
e Stable Disease (SD) was described as insufficient shrinkage to qualify for PR or insufficient
increase to qualify for PD, taking as reference the smallest sum diameters while on the study.

(Eisenhauer et al. 2009)

This cohort of 15 patients was divided into three groups based on time in which the treatment was

initiated until disease progression (time to progression as Progression-Free Survival (PFS), Figure 39:

1. Good responders with PFS over 9 months — 5 patients.
2. Medium responders with PFS between 3 —9 months — 5 patients.

3. Bad responders with PFS of less than 3 months — 5 patients.
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Figure 39. Swimmer Plot presenting time to progression for each patient.
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This figure shows three groups of patients based on Progression-Free Survival (PFS) in months. Patients
with bad responses had progressive disease on CT scans. Patients with medium and good responses had a
mixture of stable and partial radiological responses on CT scans.

5.4 Tracking Mutations in Patients with Response to Treatment

Objective: Can longitudinal ctDNA samples be used to monitor clinical outcomes in response to

combination therapy of fulvestrant and capivasertib in patients from the FAKTION trial?

5.4.1 Good Responders

Objective: Can longitudinal ctDNA samples be used to identify disease response to combination

therapy of fulvestrant and capivasertib?
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5 out of 15 patients had a median PFS of 13.3 months (PFS range 9.5 — 18.5). Clinicopathological

characteristics with the radiological response and PFS is presented in Table 32.

4 out of 5 patients had PIK3CA detected at baseline either in FFPE DNA or ctDNA. PIK3CA mutations

were then tracked with ddPCR in ctDNA longitudinal samples at baseline, eight weeks and disease

progression. Table 33 demonstrates mutation detection for each patient.

Table 32. Clinicopathological features of good responders.

' - PFS

PtID Age Histology Metastatic sites CT response (months)
4 76 IDC LN stable 13.3
71 76 IDC bone + LN stable 9.5
36 58 IDC bone stable 18.8
42 57 IDC bone + LN + liver + pleural partial 10.5
38 66 IDC bone + LN stable 13.5

Pt ID — Patient number, IDC — Invasive Ductal Carcinoma, LN — Lymph node, CT — Computer Tomography,
PFS — Progression-Free Survival

Table 33. Mutation detection in longitudinal ctDNA samples in 5 good responders.

Baseline ctDNA 8-week ctDNA|  End of Treatment ctDNA
PTID| Gene Mutation 23: Seq [NGS AF | ddPCR 22‘: ddPCR Dc:: Seq |NGS AF | ddPCR
Depth | (%) | AF (% AF (% Depth | (%) | AF (%
(ng/m)| °F (%) (%) (ng/ml) (%) (ng/mi)| O%° (%) (%)
PIK3CA H1047R 6000 | 9.7 1.2 0 12603 | 7.3 8.6

4 5.5 17.3 22.0
GATA3 [M357TyrfsTer15 5726 | 7.0 NT NT 5974 | 3.2 NT
PIK3CA H1047R 7467 | 2.8 2.2 0 8552 | 1.2* | 0.9

71 8.9 17.1 12.8
ESR1 E380Q 13568 | 1.4% | NT NT 6082 0 NT
PIK3CA exon 9** NT NT 0 0 NT NT 2.8
36 | ESR1 D538G 6.9 | 4195 0 0 16.8 0 109 | 7043 | 2.2* | 1.4
GATA3 | D336GfsTer17 10255 O NT NT 8070 | 0.6* | NT
PIK3CA H1047R 6378 0 0 0.6 9437 | 6.7 1.8

42 8.8 18.3 11.6
ESR1 Y5375 3878 0 0 0 8032 | 3.5 13
38 | BRCA2 W2788Ter 45 1 3376 | 5.8 NT NT NT | 17.4 | 3150 0 NT

**Exon 9 — (either of p.E542K, p.E542K), NT — Not Tested, AF — Allele Frequency, * Detected under the limit of
detection, DNA con — DNA concentration (ng per 1ml of plasma), Seq depth — sequencing depth, Allele
frequency.
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Figure 40. Mutation detection in longitudinal ctDNA samples in 5 good responders.
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This figure shows changes in allele frequency of mutations in PIK3CA, ESR1, GATA3 and BRCA2 genes in five
patients. The numbers (on the right) represent a unique patient number.
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In good responders, the expected trend of mutant allele frequency (MAF) change would be that the
mutations detected in baseline tissue and ctDNA samples have disappeared whilst responding to
treatment but have reappeared when the disease progresses. This pattern was followed by only two
patients (4 and 71), Figure 40 and Table 33. The second trend recognised in this cohort of patients was
that mutation was detected in a tissue but not in baseline ctDNA. However, mutation started to
appear and become detectable at progression to experimental therapy (patients 36 and 42), Figure

40 and Table 33.

Patients 4 and 71 have represented a similar molecular tracking pattern. In both patients, PIK3CA
p.H1047R was detected in FFPE DNA and baseline ctDNA samples. These mutations had become
undetectable in ctDNA after 2 — 3 months of being on treatment with the combination of fulvestrant
and capivasertib, suggesting that the tumour has responded molecularly to the treatment. However,
CT scans of the chest, abdomen and pelvis for both patients showed stable disease by RECIST1.1
criteria. | could not confirm whether the target lesion has shrunk on the CT scan as this data was not
available. If the lesions were reduced up to 30% or increased up to 20%, the disease would be called
stable disease, and the patient would be allowed to continue treatment. Also, visible lesions on a CT
scan might not represent a viable tumour but may represent dying cells. This cannot be distinguished
on the CT scan. The radiological response may require more time to show on the CT scan. However,
these patients have responded at the molecular level as the mutation reduced to an undetectable
level at 2-3 months. In both patients, PIK3CA p.H1047R became detectable again when the disease
became radiologically progressive. In patient 4, the disease progression occurred after 13.3 months
and in patient 71, after 19.5 months. The reappearance of PIK3CA mutations was correlated with the
radiological progression of the disease. This shows that the burden of disease can be tracked not only
radiologically but also molecularly. These are excellent examples of mutation disappearance whilst
responding to treatment and reappearing while the disease progresses again. The fact that the

mutation disappears to an undetectable level could potentially predict a good response to treatment.

Also, patient 4 had GATA3 p.M356YfsTer15 frameshift insertion detected in the FFPE DNA at the level
of 13% AF, in baseline ctDNA at 6.95% and in progression sample at 3.15%. The 8-week sample was
not assessed for this gene. The relevance of GATA3 mutations is currently unclear. GATA3 is a
transcription factor that is frequently mutated in breast cancer. Mostly frameshifts are seen in 15% of
ER-positive breast cancers. High GATA3 expression is correlated with the luminal subtype of breast

cancer and is associated with a better prognosis. The same study showed that GATA3 did not affect
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sensitivity to hormonal therapies (Gustin et al. 2017). Another study also confirmed that patients with
GATA3 mutations live longer than patients with wild-type GATA3. However, GATA3 mutations found
in zinc-finger 2 (ZnFn2) lead to distinct features: common detection in luminal B breast cancers and
worse prognosis (Takaku et al. 2018). Splice site and truncation mutations found in exons 5-6 are

frequently detected in luminal A breast cancers with better prognosis (Takaku et al. 2018).

Patient 36 and 42, PIK3CA mutations were detected in FFPE DNA but were not found in baseline ctDNA
despite testing with two methods, NGS and ddPCR. The PIK3CA mutation has appeared in the ctDNA
sample at the disease progression in both patients. Patient 42, PIK3CA mutation started to appear at
a low level at 2.5 months of experimental treatment and had become detectable at disease
progression. The two baseline ctDNA samples for both patients were also tested by AWMG laboratory
staff with validated ddPCR assay used in the FAKTION trial and found negative for PIK3CA mutations.
There are several reasons that none of the three mutations was detected in the baseline ctDNA
samples: poor sample handling, low DNA concertation, technical issues or allele frequency of
mutations were below the limit of detection of the method used in this project. At 2.5 months, patient
36 had stable disease on the CT scan, and patient 42 had a partial response. The interesting fact here
is that patient 42, whose breast cancer has shrunk over 30% on the CT scan, but low allele frequency
PIK3CA p.H1047R mutation was found in ctDNA. This could suggest that patient has had PIK3CA
mutation in baseline at a higher level, but NGS and ddPCR failed to detect or the sample was
compromised. In both patients, both mutations were detectable in ctDNA at disease progression. It is
very unlikely this has appeared as a resistant mutation as was already present in primary tissue in both
patients. The treatment with a combination of fulvestrant and capivasertib effectively kept the disease
under control for both patients, patient 36 over 18.8 months and patient 42 for 10.5 months. Cancer
has overcome this pathway's blockage and continued to grow, which was confirmed radiologically on

the CT scans and was associated with the reappearance of PIK3CA mutations.

Also, in both patients 36 and 42, ESR1 mutations were found in the end of treatment ctDNA samples.
Both mutations were not detected in tumour tissue nor baseline and 8-week ctDNA samples, using
both NGS and ddPCR methods. This suggests that these mutations appeared as part of acquired
resistance to fulvestrant. The other possibility is that these mutations were present in baseline ctDNA
samples, but the methods were not sensitive enough, or low DNA concentration or low-quality
sample. The ESR1 p.D538G mutation developed after 20.3 months in patients 36, and the ESR1

p.Y537S mutation developed over 11.9 months in patient 42. There is a significant time gap between
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baseline and the end of treatment samples, and therefore, more likely that the ESR1 mutations have

appeared over time.

Patient 38 had pathogenic mutation p.W2788Ter in BRCA2 gene detected by 44-gene NGS panel at
93% AF in FFPE DNA and found in baseline ctDNA at 5.8% AF but was not detected in the end of
treatment sample after 15.4 months. This could represent the evolution of cancer and heterogeneity
or technical issues but would not be related to endocrine resistance or response to treatment. This
patient had stable disease on CT scan after 2.3 months of treatment and PFS of 13.5 months. The

patient remained alive at last follow up.

5.4.2 Medium Responders

Five patients with a median PFS of 4.8 months (range 3.1 — 4.9) were included in the medium
responders' group. Clinicopathological features for medium responders are presented in Table 34.

Three patients had combinations of mutations in PIK3CA, ESR1, TP53 and KMT2C genes, one patient
with a single mutation detected in the HER2 genes, Table 35 and Figure 41. Patient 21 had no

detectable mutations in ctDNA.

Table 34. Clinicopathological features for medium responders.

PtID Age Histology Metastatic sites CT response PFS (months)
104 52 IDC bone + lung + LN stable 4.8

57 56 IDC bone stable 4.9

51 67 IDC LN partial 3.2

135 53 IDC bone + LN stable 3.1

21 61 mix duct-lob liver stable 4.8

Pt ID — Patient number, IDC — Invasive Ductal Carcinoma, LN — Lymph node, CT — Computer Tomography,
PFS — Progression-Free Survival
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Table 35. Mutation detection in longitudinal ctDNA samples in 5 medium responders.

Baseline ctDNA 8 - week ctDNA End of Treatment ctDNA
PtID| Gene | Mutation '2:: Seq |NGS AF | ddPCR 2:: ddPCR '22': Seq |NGS AF | ddPCR
Depth | (%) | AF (% AF (% Depth | (%) | AF (%
g/ | °" | )| A gy | A7 | iy | O | 9| AT
PIK3CA | H1047R 9367 | 8.7 | 111 8.5 11072 | 35.2 | 37.8
104 7.7 13.5 24.4
TP53 | C176R 5129 | 4.9 | NT NT 4901 | 17.6 | NT
PIK3CA | H1047R 4037 | 0 0 11588 | 2.3* | 2.7
57 | ESR1 | Y537S | 496 | 4156 | 0 0 14.0 17.7 | 8525 | 1.2* | 1.1
KMT2C | D352Y 1455 | 2.8 | NT NT 4408 | 4.4 | NT
ESR1 | Y537C 5147 | 9.2 | 5.6 0 6496 | 0 0
51 6.8 19.6 11.5
TP53 | G244V 4818 | 21.7 | NT NT 6457 | 3.8 | NT
135 | HER2 | A1216D | 10.2 | 7218 | 42 NT NT NT | 135 | 7231 | 38 NT

NT — Not Tested, AF — Allele Frequency, * Detected under the limit of detection, DNA con — DNA concentration
(ng per 1ml of plasma), Seq depth — sequencing depth.

Figure 41. Mutation detection and longitudinal ctDNA samples in 5 medium responders
Mutations tracking in ctDNA in medium responders
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This figure shows changes in allele frequency of mutations in PIK3CA, ESR1, TP53, MAP3K1, HER2 and
KMT2C genes in five patients. The numbers(on the right) represent a unique patient number.
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The expected trend in medium responders would be similar to good responders with the
disappearance or reduction of MAF whilst the patient responds to treatment and the reappearance
of the mutation during disease progression but over a shorter period of time. Unfortunately, only
patient 104 has fitted in this trend, Table 35 and Figure 41. The second trend was recognised in the
previous cohort of patients where the mutation was detected in a tissue but not in baseline ctDNA.
However, the mutation had become detectable at progression to experimental therapy (patient 57),

Table 35 and Figure 41.

Patient 104, PIK3CA p.H1047R mutation was found in combination with TP53 p.C176R mutation in
FFPE DNA and detected in longitudinal ctDNA samples. These findings showed no significant drop in
allele frequency of PIK3CA p.H1047R after 2.7 months, suggesting molecularly stable disease or
possible resistance to treatment. The CT scan at 2.7 months showed stable disease. The fact that
mutation has persisted could also suggest that the response to therapy was limited. This patient
achieved a PFS of 4.8 months and overall survival of 7.4 months. The TP53 p.C176R could contribute
to the limited response to therapy as it was present in the baseline sample, and the allele frequency
has tripled in the end of treatment ctDNA sample. The combination of fulvestrant and capivasertib
would affect the cancer cell clones with activated PI3K/AKT pathway but would not influence TP53
mutated cells or had a moderate effect on cells with both mutations. When analysing mutations in
ctDNA, it is not possible to assess the mutational status of each cancer cell, which may have single or
multiple mutational alterations. This patient could have experienced a minor response to treatment
from inhibiting PI3K/AKT pathway, but the TP53 clone could start rapidly growing. Therefore patient
had experienced only a short period of stable disease. Both mutations had increased the AF in the end
of treatment sample, Table 35. This could also suggest a cross-talk between the TP53 and PI3K/AKT
pathways or one pathway being an escape pathway. In patients with the combination of mutations, it
could be more critical to eliminate more aggressive cell clones using other treatments such as
chemotherapy or immunotherapy. If PIK3CA activated clone persisted, the patient could start a

combination of fulvestrant and capivasertib after chemo- or immunotherapy.

Patient 57 was found to have PIK3CA p.H1047R mutation in the tissue DNA. This variant was not found
in baseline and the 8-week ctDNA sample using both techniques, NGS and ddPCR. CT scan at these
eight weeks showed stable disease. This trend is similar to one of the patterns in the good responders'
group. This mutation appeared in the progression ctDNA sample at 6.3 months. A similar situation was

with ESR1 p.Y537S mutation, which was also detected in the primary FFPE sample and was

121



undetectable in the baseline and 8-week samples. However, it has appeared in the ctDNA sample at
disease progression. ESR1 and PIK3CA mutation in primary tissue could suggest primary endocrine
resistance. Clinical data revealed that the patient has progressed within six months of endocrine
therapy in the metastatic setting prior to the FAKTION trial. Mutations were not detected in the
baseline sample, possibly due to poor sample handling. High DNA concertation could suggest the

release of wild-type DNA from white cells and diluting low-frequency mutations.

The clinical relevance of KMT2C p.D352Y mutations is unclear, which may become more apparent
when more genetic and clinical data available in the future. This mutation was found in the tissue DNA
of patient 57 at a very low level of 3% below the limit of detection (with tumour cellular content of
25%). Also, it was detected in baseline and the end of treatment ctDNA samples, Table 35. The
pathogenic TP53 p.P142S mutation was detected in primary FFPE at a low level of 5.7% AF but not
detected in any ctDNA sample, suggesting a passenger mutation that could have been eliminated by
previous treatments (chemotherapy or radiotherapy) or persisted at the undetectable allele

frequency. This patient achieved a PFS of 4.9 months and an OS of 17.6 months in the FAKTION trial.

Patient 51 was found to have pathogenic TP53 p.G244V (likely oncogenic - although was not clinically
or functionally validated) mutation in tissue DNA at 40.5%. This variant was also detected in the
baseline ctDNA sample at a level of 21.7% AF and also at a reduced level of 3.8% AF in the progression
ctDNA sample at 3.2 months. Also, ESR1 p.Y537C mutation was detected in the baseline ctDNA
sample. ESR1 variant was not detected at eight weeks when the patient's CT scan showed a partial
response to treatment, which correlated with radiological response. However, ESR1 mutation
continued to be undetectable by both techniques in the progression ctDNA sample at 3.2 months of
treatment. This could suggest that experimental treatment could have eliminated the ESR1 mutation.
However, the TP53 mutation persisted, and the disease, despite partial radiological response on the
first CT scan, has progressed just after 3.2 months on trial treatment. The patient survived for 18.9

months from entry to the trial.

These two sections showed that it is possible to track mutations in longitudinal samples. However,
the correlation with clinical response to treatment was found in only 3 (33.3%) of 9 patients. This
could be due to sample handling (collection, transport, storage), DNA extractions, the sensitivity of

methods, and the competency of the person performing the test. Therefore, it is essential to
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understand all the limitations (clinical and technical) of ctDNA testing and continue to improve the

ctDNA evaluation process before it can be introduced to clinical practice.

5.4.3 Bad Responders

Objective: Can longitudinal ctDNA samples be used to identify disease resistance to combination

therapy of fulvestrant and capivasertib?

Five patients were classified as bad responders due to disease progression at the first radiological
assessment with PFS of less than three months. Clinicopathological features of all bad responders are
presented in Table 36. Interestingly, 4 of 5 patients had two metastatic sites, and one patient had four

metastatic sites. The most common metastatic sites were bone and liver.

The expected trend of molecular change would be that the allele frequency (AF) of mutations detected
in baseline samples would be higher in the progression samples. Three patients (17, 35, 108)
demonstrated this pattern, which was consistent with radiological progression. Two patients (84 and
122) demonstrated the opposite effect. Figure 42 and Table 37 show AF changes in the baseline and

longitudinal samples.

Table 36. Clinicopathological features of bad responders.

PtID Age Histology Metastatic sites CT response (moP::hs)
17 59 IDC bone + LN Progress 1.3
108 57 IDC bone + liver Progress 0.7
35 43 IDC bone + liver + LN + pleural Progress 0.7
84 74 IDC bone + liver Progress 1.3
122 71 ILC bone + liver Progress 1.2

Pt ID — Patient number, IDC — Invasive Ductal Carcinoma, LN — Lymph node, CT — Computer Tomography,
PFS — Progression-Free Survival
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Table 37. Mutation detection in longitudinal ctDNA samples in 5 bad responders.
Baseline ctDNA End of Treatment ctDNA
PtID| Gene Mutation 2:: Seq |NGS AF | ddPCR 2':: Seq |NGS AF | ddPCR
(ng/ml) Depth | (%) AF (%) (ng/ml) Depth (%) AF (%)
ESR1 D538G 4827 2.0* NT 6600 6.3 NT
TP53 N131Y 6912 9.2 NT 11185 | 18.2 NT
17 KMT2C R526P 30.2 8560 0 NT 12.32 | 10156 | 11.0 NT
KMT2C 1323V 27485 0 NT 20441 | 1.5* NT
BRCA2 11364L 3022 0 NT 4828 9.9 NT
108 | PIK3CA exon 9** 26.8 NT NT 18.7 48.6 NT NT 20.4
35 ESR1 D538G 21.6 5569 12.8 NT 30.6 8619 18.4 NT
PIK3CA E726K 3153 3.5 NT 3635 1.0* NT
84 | MAP2K4 Y318Ter 18.9 6146 6.1 NT 25.6 | 10464 | 1.5* NT
KMT2C 1373K 2590 3.2 NT 3274 2.3% NT
PIK3CA H1047R 9432 15.3 17.1 9771 0 0
122 ESR1 Y537C 7.18 6978 1.4* 1.5 15.16 | 6303 0 0
CDH1 Y797\fsTerl9 8416 19.8 NT 1086 0 NT

**Exon 9 — (either of p.E542K, p.E542K),, NT — Not Tested, AF — Allele Frequency, *Detected under the limit
of detection.

Figure 42. Mutation detection in longitudinal ctDNA samples in 5 bad responders.
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This figure shows changes in allele frequency of mutations in PIK3CA, ESR1, TP53, MAP3K1, CDH1, BRCA2
and KMT2C genes in five patients. The numbers (on the right) represent a unique patient number.
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In patient 17, the AF of two mutations, ESR1 p.D538G and TP53 p.N131Y detected in the baseline
ctDNA sample, had increased in the progression ctDNA sample at 2.3 months. ESR1 p.D538G mutation
was not present in the tissue DNA, suggesting that it has appeared after endocrine therapy previously
received. The combination therapy of fulvestrant and capivasertib did not reverse this resistance as
the AF of p.D538G has risen in the progression sample. TP53 p.N131Y mutation was present in primary
tissue biopsy at 71.7% AF. Primary tissue was taken 4.5 years before the trial entry. TP53 mutation
could be driving cancer growth. This TP53 mutated clone was insensitive to the combination of
fulvestrant and capivasertib and possibly be responsible for disease progression.

Multiple variants at different allele frequencies appeared in the progression ctDNA sample: BRCA2
p.11364L, KMT2C p.R526P, and KMT2C p.1323V, Table 37. These mutations may not be driving cancer
mutations. However, the fact that mutations number increased in the end of treatment ctDNA
samples could suggest that the tumour has increased its tumour mutational burden or genetic
instability. This could increase the heterogeneity of breast cancer and contribute to disease
progression. CT scan showed disease progression, and the patient had to discontinue trial treatment.
The patient has progressed very rapidly on trial treatment with PFS of 1.3 months, but the patient

remained alive for 13.4 months-

Similarly, in patient 35, the AF of ESR1 p.D538G mutation was raised in longitudinal ctDNA samples,
correlated with radiological disease progression on a CT scan, Table 36. This patient had a very short
PFS of 0.7 months and survived for only 6.1 months. The trial combination therapy has not worked for
this patient for an unclear reason. There could be other mutations or other types of mutations like
amplification, deletions or translocations involved in cancer growth, but the 44-gene NGS panel could
not detect them. Therefore, the next step would be to test for other types of mutations and look at

expression analysis to identify the main drivers or resistance mutations for this cancer.

Also, in patient 108, the AF of PIK3CA exon 9 mutation allele frequency increased in the progression
ctDNA sample. However, TP53 p.R280K mutation detected in tissue DNA was not detected in any
ctDNA samples, which could be due to technical or biological reasons. This patient had not responded
to combination therapy of fulvestrant and capivasertib despite the activated PI3K/AKT pathway. This
molecular disease progression was confirmed by radiological progression on a CT scan, Table 36. This
raised the question of whether co-existent TP53 mutation contributed to inadequate response to

combination therapy.

125



Patients 84 and 122 demonstrate an opposite pattern to those patients above:

In patient 122, mutations detected in FFPE and the baseline ctDNA samples were not found in the
progression ctDNA sample. The CT scan showed progressive disease, and the patient had a PFS of 1.2
months. The expectation here would be that mutations detected in baseline samples should have
been detected in the samples at the time of disease progression at similar or higher AF. There could
be several reasons for not detecting the mutations: 1 - compromised sample, 2 - two methods failed
detection due to insufficient sensitivity, 3 - true molecular response but not visualised on CT scan as
more time needed, 4 - true molecular response of targeted clone with the escalation of growth of
other clones not tested by NGS panel, 5 - biological reason, with reduced ctDNA shedding into the

bloodstream. The first reason seems most likely.

In patient 84, all mutations detected in baseline samples were also present in the end of treatment
ctDNA sample but at a lower AF. This could be caused by a reduction in shedding of ctDNA into the
bloodstream, and therefore it would suggest a molecular improvement or stability of the disease.
However, radiologically breast cancer had progressed. This picture can be confusing for the clinician.
It could be interpreted that the patient achieved a molecular response, or the presence of mutations
in the progression sample can suggest that the disease is resistant to treatment. Other potential

reasons are explained above for patient 122 that could also be valid here.

Longitudinal ctDNA samples tested in this patient group identified disease progression in 3 of 5
(60%) patients. This represents a better correlation rate of molecular changes with a clinical
response for bad responders (60%) compared to the good and medium responders group (30%).
This could be associated with a higher tumour burden that sheds more ctDNA into the bloodstream,

increasing the chances of mutation detection.

5.5 Role of Other Mutations in Treatment Response

Objective: Can other detected mutations affect response to combination therapy of fulvestrant and

capivasertib?

In this section, | looked at all mutations found in patients with different clinical responses. Figure 43
represents all mutations found in ctDNA at all time points. This chart shows a very interesting trend
that mutations found in ctDNA in good responders are usually at lower allele frequencies than medium
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or bad responders groups. Also, almost all mutations found in the good responders group were in
PIK3CA, ESR1 and GATA3 genes. This group had a single driving activated PI3K/AKT pathway, which
was effetely blocked by fulvestrant and capivasertib, and therefore these patients had significantly

longer clinical responses.

Furthermore, Figure 43 demonstrates multiple mutations in various genes detected at higher AF in
ctDNA in medium and bad responders groups, suggesting that these cancers might have had more
than one pathway activated and were more heterogeneous. Interestingly, TP53 mutations were
mainly present in medium or bad responders groups but not in good responders. These patients had
a very limited response to fulvestrant and capivasertib. This could suggest that stratification based on
one gene like PIK3CA or AKT1 might not be sufficient to define which patient will respond to
treatment. It is essential to consider other biomarkers that dominate or drive cancer growth. Although
there is no multitargeted therapy for very heterogeneous cancers available and there is no therapy
for TP53 driven cancers, these patients may respond to standard chemotherapy. Chemotherpay
generally works on dividing cells by interfering with the cell cycle. This can help stratify patients in
future trials and create an arm for concurrent or sequential chemotherapy and hormonal therapy with

targeted therapy like AKT1 inhibitor.
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Figure 43. Patients with all mutations in all samples divided by PFS.
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Mutation presence and mutant allele frequency MAF versus Progression-Free Survival (PFS) in all ctDNA
samples (Baseline, 8-week, End of treatment samples). PFS: good ( >9 months — good responder), medium
(3-9 months — medium responder) and bad (<3 months — bad responder).

Co-existing mutations with activating PI3K/AKT pathway mutations could potentially affect
response to combination therapy of fulvestrant and capivasertib. The future trial could consider
testing a more comprehensive range of biomarkers to better identify patients for novel treatments.
Patients with the activated one pathway can have an excellent durable response to treatment.
However, patients with co-existent bad prognostic factors might need a different therapeutic
approach, where a new treatment is tested against standard treatment in the prospective

translational clinical trial.
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5.6 Summary and Discussion

In this chapter, | have looked at detecting mutations in baseline and longitudinal ctDNA samples using
ddPCR and the 44-gene NGS panel in patients treated with fulvestrant and capivasertib in the FAKTION
trial. This study aimed to see if detected mutations at baseline samples can be tracked in longitudinal
samples. | have shown they can be detected in baseline samples and tracked only in some patients
but not all. Furthermore, the change in mutant allele frequency corresponded to clinical response only
in 43% of patients. Therefore, ctDNA might not be the best circulating biomarker to monitor the
disease in clinical practice yet. However, testing and detecting multiple mutations in related genes
and using two methods may help identify some undetected mutations. For example, if three
mutations were detected in FFPE or ctDNA sample, but none of them has been detected in the
longitudinal sample could suggest a compromised sample. However, if one of the three mutations
detected in ctDNA could suggest a biological reason. It is vital to identify potential technical issues,
including issues with sample collection, transport, and storage, with methods such as assay failure,
method error, low sequencing coverage, sensitivity, specificity and human error. Trained technician
perform specific techniques daily would be more competent than the researcher who performs these
techniques only several times. Understanding cancer biology and the technical limitations could
improve mutation detection in ctDNA in future studies and enable introduction to clinical practice

with confidence.

The FAKTION trial focused on testing specific mutations in the PIK3CA gene, and this was the basis to
randomise patients into two treatments arms. | showed that mutation detection in other genes, such
as pathogenic mutations in the TP53 gene, could play a role in resistance to combination therapy. As
mentioned previously, TP53-PIK3CA mutations occur in breast cancers in 5.3 — 12.8% (TCGA 2012;
Fountzilas et al. 2016; Li et al. 2018b). TP53-PIK3CA co-mutation is associated with worse overall
survival in colorectal cancer (Li et al. 2018a). In this study, patients with breast cancer that harbour
PIK3CA and TP53 co-mutation had no response or short response to combination fulvestrant and
capivasertib. The overall survival and further evaluation of the clinical effect of dual mutations in

breast cancer should be explored in larger clinical trials.

Heterogeneous cancers with multiple mutations could be more aggressive and difficult to treat. It
could be challenging to achieve long-term responses to targeted therapy by inhibiting the growth of

the one cell clone as other cell clones will continue to grow. Figure 43 shows that the long-term
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responders to combination therapy of fulvestrant and capivasertib were those who had PIK3CA, ESR1,
GATA3 mutations detected. Patients with multiple mutations, including TP53, had a short duration of
response even if they had initially stable disease or partial response on CT scan. Medium responders
had a similar genetic profile to bad responders, and their response did not last long as the longest PFS
in this group was six months. This hypothesis can be explored in the next larger phase Ill trials. In the
future, most cancers will have whole genome or extensive panel sequencing, which will help us
identify multiple frequently mutated genes in specific cancers. However, doctors will need to
understand what information these mutations carry regarding prognostic or predictive value to make

an informed decision about treating patients with the best treatment.

It is also essential to explore other types of mutations that could explain trial treatment resistance or
response. In the next chapter, | will be discussing gene amplification in breast cancer that can play a
role in endocrine resistance and potentially affect response to the combination treatment of

fulvestrant and capivasertib.
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6. Copy Number Variation (CNV) Detection in Circulating Tumour
DNA Samples and Its Influence on Treatment Response and Clinical

Outcome of Patients Treated Within FAKTION Trial
6.1 Introduction

In two previous chapters, | focused on single point mutation detection related to endocrine resistance
in FFPE and ctDNA samples. In this chapter, | investigate the detection of other molecular changes like
gene amplification associated with endocrine resistance in ctDNA using ddPCR. The analysis was
performed on the end of treatment ctDNA samples of 55 patients with metastatic endocrine-resistant
breast cancer treated within the FAKTION trial, including 20 patients treated with combination
therapy of fulvestrant with capivasertib and 35 patients treated with fulvestrant only. As there is no
known time of gene amplification development as a result of endocrine resistance. It can be assumed
that patients with the longest time on endocrine therapy, including fulvestrant in the FAKTION trial,
would have had the highest chance for gene amplification to develop. Therefore, the end of treatment
cfDNA samples were the most appropriate sample to test as these patients had exhausted all possible
endocrine therapies. In addition, cfDNA samples collected at the time of cancer progression would
potentially contain a higher ctDNA fraction and further increase the chance of detecting

amplifications.
6.2 Hypothesis, Aims and Objectives

6.2.1 Hypothesis and Aims

This chapter aimed to test the hypothesis that multiple gene amplification (HER2, MYC, FGFR1) can be
detected in ctDNA in patients with breast cancer as a result of endocrine resistance. In addition, HERZ2,
MYC, FGFR1 amplifications detected in ctDNA have utility in predicting clinical outcome and influence

response to treatment received in the FAKTION trial.

6.2.2 Objectives

Using 55 the end of treatment ctDNA samples, | aimed to expand molecular biomarker detection of

CNVs in ctDNA samples. In this chapter, the objectives are:
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1. To explore the ability to detect HER2, MYC and FGFR1 amplification using ddPCR in the end of
treatment ctDNA samples collected in the FAKTION trial.

2. To assess the concordance of detected CNVs between FFPE DNA and ctDNA using ddPCR to
identify possible conversion.

3. To correlate detected CNVs with clinical outcomes in the FAKTION trial

4. To determine the utility of CNVs in ctDNA to improve the patients' selection for therapy in

future trials.

6.3 Copy Number Variation Detection

The most common amplified and best-described gene in breast cancer is the HER2 gene, located at
the 17q21-24 chromosome. HER2 is amplified in 25-30% of breast cancers (Hudis 2007). Other
frequently amplified genes in breast cancer are c-MYCand FGFR1. MYC encodes a transcription factor,
a key regulator of cell growth, metabolism, proliferation, differentiation, and apoptosis. MYC is
amplified in about 15% of breast cancers and is associated with a high risk of relapse and death (Green
et al. 2016). FGFR1 encodes the tyrosine kinase receptor, which belongs to the fibroblast growth factor
receptor family and is amplified in 9 - 15% of breast cancers (Turner et al. 2010). FGFR1 amplification
has been linked with poor prognosis in breast cancer (Jang et al. 2012). In addition, all three
amplifications have been associated with endocrine resistance, as described in the introduction
chapter. In addition, MYC amplification can be associated with resistance to the PI3K/AKT pathway
inhibitors (Jang et al. 2012).

In the FAKTION trial, all breast cancers were HER2 negative based on the primary tumour's
pathological report. The rate of molecular conversion from a primary HER2-negative tumour to HER2-
positive metastatic breast cancer is 9.7% (Lower et al. 2009). This suggested that the molecular
conversion of primary breast cancer occurs during disease progression. Retesting metastatic lesions
could allow the patients with acquired HER2 amplification to receive HER2-targeted therapy, leading
to better survival outcomes (Tchou et al. 2015; Kim et al. 2018). Therefore, this group of patients was
an ideal group to re-evaluate HER2 status. However, in the FAKTION trial, a re-biopsy of tumour or
metastatic lesion was not indicated before commencing fulvestrant +/- capivasertib. However, all
patients had ctDNA samples collected before and after treatment. The end of treatment ctDNA
samples were used for CNV testing as they were collected after patients exhausted all endocrine
therapies, including fulvestrant, and some received capivasertib. Therefore, these samples had the
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highest chance to detect the actual conversion of HER2 and other amplifications as they were
collected from patients that had the longest time on endocrine therapy (before and during the

FAKTION trial), Figure 44.

Figure 44. Overview of patient selection for this project.

FUL + CAPi
EofT ctDNA samples
N =20

FAKTION trial /’
. 55 patients
patients

N = 140 selected with available
EofT ctDNA samples

FUL + placebo
EofT ctDNA samples
N =35

EofT — End of treatment ctDNA samples collected at time of cancer progression in FAKTION trial,
N = number of patients, FUL — fulvestrant, CAPi - capivasertib

In this chapter, | present the detection of the three amplifications HER2, MYC and FGFR1 in ctDNA
samples and FFPE DNA in 55 patients from the FAKTION trial, using ddPCR, Table 38. Furthermore, |

will evaluate whether these amplifications can affect clinical outcomes to fulvestrant with and without

capivasertib.
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Table 38. HER2, MYC, FGFR1 amplification detection in FFPE DNA and ctDNA by ddPCR in 55 patients from
FAKTION trial.

D FFPE ctDNA PES Response Treatment
HER2 MYC FGFR1 HER2 MYC FGFR1 arm
16 NT 1.41 Bad F+A
17 1.31 Bad F+ A
35 0.69 Bad F+ A
108 0.69 Bad F+ A
148 NT NT 1.48 Bad F+A
156 NT 1.18 Bad F+A
57 NT NT 4.90 Medium F+A
104 NT NT UN 4.83 Medium F+A
135 NT NT 3.12 Medium F+A
143 NT 4.96 Medium F+ A
144 NT NT 3.15 Medium F+ A
150 NT NT 4.83 Medium F+A
151 UN 3.15 Medium F+A
166 NT 6.60 Medium F+A
2 NT NT 10.32 Good F+A
9 UN 27.24 Good F+A
10 NT UN 27.01 Good F+ A
42 UN UN 10.48 Good F+A
86 NT 12.85 Good F+A
97 NT NT 13.73 Good F+ A
11 UN UN 1.61 Bad F
31 NT 2.40 Bad F
53 1.28 Bad F
60 UN UN 1.81 Bad F
66 NT NT 2.23 Bad F
73 _ 1.25 Bad F
85 1.35 Bad F
121 UN UN 1.22 Bad F
125 NT 1.02 Bad F
134 NT NT 1.25 Bad F
141 NT NT 1.38 Bad F
147 1.25 Bad F
154 1.48 Bad F
18 UN 4.86 Medium F
26 NT 4.83 Medium F
33 UN 3.15 Medium F
39 I 7.66 Medium F
52 NT NT 3.09 Medium F
67 NT NT 5.55 Medium F
82 s UN 5.16 Medium F
92 NT NT 7.13 Medium F
103 NT NT 3.09 Medium F
109 UN 3.02 Medium F
118 UN 8.64 Medium F
127 NT 3.06 Medium F
139 NT 4.80 Medium F
142 8.38 Medium F
175 s 3.06 Medium F
119 NT NT UN 4.4 Medium F
1 NT UN 10.45 Good F
13 NT NT 18.86 Good F
41 NT NT 18.66 Good F
78 NT NT 10.35 Good F
116 NT 11.56 Good F
3 NT NT 16.85 Good F
Methods 'Hcd;{; CF'LSH' ddPCR ddPCR ddPCR ddPCRr ddPCRr X X X

Dark colours — Amplified, Light colour — Non-amplified. UN — Unknown —tested but inconclusive result. CN
— Copy number, NT — Not Tested, ID - Patient ID, PFS — Progression-Free Survival, F - Fulvestrant, F + A —
Fulvestrant + Capivasertib.

134



6.3.1 HER2 Amplification

Objective: Can HER2 amplification be detected in the end of treatment ctDNA samples of patients in
the FAKTION trial? Could the detected HER2 amplification be an effect of biomarker transition?

In this study, | tested 55 of the end of treatment ctDNA samples from 55 patients in the FAKTION trial,
using ddPCR for HER2 amplification (as described in chapter 3, section 3.6.1) to find the true transition
of HER2 non-amplified to amplified. The end of treatment ctDNA samples were collected at the
progression to trial treatment (fulvestrant +/- capivasertib). Patients recruited to the trial were
previously reported to be ER-positive and HER2-negative in primary tissue. These patients have
become resistant to oral endocrine therapy and to fulvestrant +/- capivasertib, which gives the highest

chance of detecting genuine HER2 transition if it existed.

1 (1.8%) patient out of 55 was found to have HER2 amplification at the level of 7.9 copies in the end
of treatment sample. The baseline ctDNA sample collected prior to trial treatment had HER2
amplification at 11.7 copies. The ddPCR method identified 16.2 copies in the FFPE DNA, which was
normal on the pathological report. IHC was performed at the diagnosis and reported as HER2 non-
amplified (1+), Table 39. Due to a discrepancy in the results, the trial repeated IHC and performed
FISH. Both tests resulted in high amplification of the HER2 gene; IHC was reported as amplified (3+),
and FISH reported 15.8 copies, Table 39. This has helped validate the ddPCR method used to test
ctDNA and the FFPE DNA. Results from tissue using FISH were similar to results from ddPCR. Therefore,
this patient was eligible for treatment with Herceptin. The HER2 status was detected first from a non-
invasive blood test. Although | have not proven the conversion of HER2 status in this cohort of
patients, | have shown that this test can detect HER2 amplification from the blood test. The new HER2
amplification detection in primary tissue was reported to the Centre for Trials Research at Cardiff

University.

Table 39. Methods used to test HER2 amplification in FFPE DNA and ctDNA in one patient.

Method Primary FFPE FFPE repeat ctDNA BL ctDNA EoT
IHC 1+ 3+ NT NT
FISH NT 15.8 CN NT NT

ddPCR X 16.2 CN 11.7 CN 7.9CN

NT not tested as the test cannot be performed on ctDNA samples. BL — Baseline sample, EoT —end of treatment
sample, CN — Copy number.
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HER2 amplification was detected in ctDNA and primary tissue FFPE DNA of one patient out of 55
patients from the FAKTION trial. However, HER2 amplification was not acquired as it was detected
in primary tissue and baseline ctDNA sample. Therefore, no actual HER2 transition was detected.

This highlights how important it is to establish a HER2 status correctly and re-evaluate for the trials.

6.3.2 MYC Amplification

Objective: Can MYC amplification be detected in the end of treatment ctDNA samples, and how the
presence of MYC amplification in samples can affect PFS and OS in patients treated in the FAKTION

trial?

This section presents MYC amplification detection results in the end of treatment ctDNA samples from
55 FAKTION trial patients, as described in chapter 3, section 3.6.2. The 2.6 copy number cut-off was
used to assign ctDNA samples as amplified. The threshold was determined using maximally selected
rank statistics. These 55 ctDNA samples were from patients that have had developed resistance to
fulvestrant +/- capivasertib. | attempted to correlate MYC amplification with clinical outcomes using
PFS and OS. This aimed to examine whether MYC amplification can be treated as a predictive marker
for resistance to fulvestrant alone and in combination with capivasertib. MYC amplification can play a
role in resistance to PI3K inhibitors, as described in the introduction chapter, section 1.3.2. Pre-clinical
cell line studies suggested that MYC amplification could create a potential escape pathway for

capivasertib, but this has not been evaluated in clinical settings.

12 (21.8%) of 55 samples were found to have MYC amplification, 38 (69.1%) of 55 samples were MYC
non-amplified, 5 (9%) samples were assigned as inconclusive. MYC amplification was correlated with
PFS and OS in 55 patients, Table 40. The Kaplan-Meier curves and the cox-regression were used to
analyse the survival difference between the MYC amplified and non-amplified groups. 5 patients with
inconclusive results were excluded from the analysis. A difference of 3.5 months in PFS (p=0.002) and
5.2 months in OS (p=0.014) between two groups favoured MYC non-amplified group, Table 40 and
Figure 45. The difference between the groups in PFS and OS were found to be clinically and statistically
significant. The high Hazard Ratio suggested that patients with MYC amplification had a higher risk of
disease progression events and death risk, Table 40. This may suggest that MYC amplification is a bad
prognostic factor, and the prognosis would be worse in MYC-amplified patients regardless of the

treatment received.
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Table 40. Summary of PFS, OS of patients with MYC status detected in ctDNA.

PFS ()
Total - .
ctDNA b median 95%Cl | 95%Cl median 95%Cl | 95%Cl
number HR p value HR p value
PFS lower | upper 0s lower | upper
MYCamp 12 13 134
2.83 1.41 568 | 0.002 322 | 120 8.62 0.014
MYCnon-amp 38 4.8 18.7

PFS -Progression-free survival, OS — Overall Survival, HR — Hazard Ratio, Cl — Confidence Interval, MYC amp
— amplification, MYC non- amp - non-amplified
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Figure 45. Kaplan-Meier Curves presenting PFS and OS by MYC status in ctDNA.
Progression free survival by MYC amplification detected in ctDNA
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6.3.2.1 MYC status in ctDNA and matched FFPE DNA

Objective: Can MYC amplification be detected in the FFPE DNA and matched ctDNA? If so, what is the

concordance?

23 FFPE samples with matched ctDNA samples were tested for MYC amplification. 14 (61%) of 23 of
FFPE samples were found MYC amplified, 4 of 23 (17%) non-amplified, 5 of 23 (22%) inconclusive.
Samples with inconclusive results were excluded from further analysis, leaving 14 evaluable patients.
11 (78.6%) of 14 patients had MYC status concordant FFPE DNA and ctDNA, including 9 patients with
MYC amplified and 2 patients with MYC non-amplified in both samples. Conversely, 3 (21.4%) of 14
patients were discordant, including 2 patients with detected MYC amplification only in FFPE DNA and

one patient with acquired MYC amplification in the end of treatment ctDNA sample, Table 41.
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Table 41. MYC concordance between FFPE and ctDNA.

D FFPE ctDNA PES Response Treatment
mMYc CN CN arm
11 UN 4.04 1.6 Bad F
53 5.24 1.3 Bad F
60 2.56 1.8 Bad F
73 4.32 1.2 Bad F
85 2.54 1.3 Bad F
121 2.52 1.2 Bad F
147 4.74 1.2 Bad F
154 9.52 1.5 Bad F
18 2.60 4.9 Medium F
33 3.58 3.2 Medium F
39 6.24 7.7 Medium F
82 3.10 5.2 Medium F
109 4.76 3 Medium F
118 3.44 8.6 Medium F
142 2.56 8.4 Medium F
175 2.60 3.1 Medium F
17 3.48 1.3 Bad F+A
35 5.42 0.7 Bad F+A
108 3.02 0.7 Bad F+A
151 10.34 2.98 3.2 Medium F+A
166 4.86 2.58 6.6 Medium F+A
9 UN 5.14 2.46 27.2 Good F+A
42 2.22 UN 2.54 10.5 Good F+A

Dark red colours — MYC amplified samples. Light red colour — MYC non-amplified sample. UN — Unknown —
inconclusive result. NA — FFPE not available for testing, CN — Copy number, ID - Patient ID, PFS — Progression-
Free Survival, F - Fulvestrant, F + A — Fulvestrant + Capivasertib.

In two patients (166 and 175), MYC amplification was detected in FFPE DNA (in patient 166 from the
metastatic lesion and in 175 from primary tissue) but not in the ctDNA sample. Patient 166 had MYC
amplification in the FFPE sample only a few months before blood was taken. Therefore, it would be
expected to detect MYC amplification in ctDNA. For patient 175, the time between both samples was
not available. The reasons for discordance could be; 1 - compromised ctDNA samples, 2 - failure to
detect by ddPCR as low number of amplified copies, 3 - biology of cancer — very low amount of ctDNA

in the bloodstream for amplification to be detected.

Patient 147 with MYC amplification detected only in the ctDNA sample had two years between FFPE

and ctDNA samples. This could suggest that patient had acquired the MYC amplification over time in
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response to multiple treatments. However, there was a possibility that MYC amplification was not

detected in FFPE DNA due to inadequate sample quality or method error.

This section showed that MYC copy number variations could be detected in ctDNA and the FFPE
DNA, using ddPCR with the concordance of 78.6%.

6.3.2.2 MYC amplification in FFPE DNA/ctDNA versus PFS and OS

Objective: How does MYC amplification in these samples affect PFS and OS in 55 patients treated in
the FAKTION trial?

In this section, | present a survival analysis with new MYC status, based on MYC amplification detection

in one of the samples, FFPE or ctDNA, Table 42.

17 patients were found to have MYC amplification in either FFPE DNA or ctDNA samples. 5 patients
had inconclusive results and were excluded from the analysis. | was interested in how the new MYC
status would affect PFS and OS. The p values remained low, and the difference in PFS remained
statistically significant but not clinically as only 1.8 months difference in PFS was found. The main
reason for this could be that MYC present in ctDNA suggests a high amplification level in the tumour
in metastatic settings, which could be more relevant than detecting MYC amplification in the primary
tissue performed many years ago. Possibly more up to date results are more valid than testing old
tissue samples. Also, a lower PFS difference could be due to a small number of patients. However, the
0S of the 5.2 months difference remained statistically and clinically significant (p=0.0044), and hazard

ratios did not change significantly, Table 42 and Figure 46.

Table 42. Summary of PFS, OS of patients with MYC status detected in FFPE/ctDNA.

PFS 0s
CONMFRPE | Toul o 95%Cl | 95%0I di 95%Cl | 95%CI
median median
DNA number HR ’ ’ p value HR ’ ’ p value
PFS lower | upper 0s lower | upper
MYCamp 17 3.02 13.44
283 | 141 5.68 0.006 3.96 1.43 10.98 0.004
MYCnon-amp| 33 4.83 18.69

PFS -Progression-free survival, OS — Overall Survival, HR —Hazard Ratio, Cl — Confidence Interval, MYC amp
— amplification, MYC non- amp - non-amplified
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Figure 46. Kaplan-Meier Curves presenting PFS and OS by MYC status in ctDNA and/or FFPE DNA.
Progression free survival by MYC amplification in FFPE/ctDNA
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Regardless of treatment received, patients had shorter PFS and OS compared to patients with no
MYC amplification. | could not show that MYC amplification can be acquired resistant mutation to
endocrine treatment and capivasertib. However, | have shown that ctDNA samples can be used to
assess MYC status. MYC amplifications in ctDNA carry vital prognostic information, and they should

be explored further in larger studies.

6.3.3 FGFR1 Amplification

Objective: Can FGFR1 amplification be detected in the end of treatment ctDNA samples, and how the
FGFR1 amplification found in ctDNA affect PFS and OS in a patient treated in the FAKTION trial?

This section shows FGFR1 amplification detection results using ddPCR and correlation with clinical
outcomes. This aimed to examine whether FGFR1 amplification can be treated as a bad prognostic
factor or a predictive marker for resistance to fulvestrant +/- capivasertib. Capivasertib would not
directly affect the FGFR1 pathway, but FGFR1 amplification was found to play a role in resistance to
CDK4/6 inhibitors and PI3K inhibitors in other studies (Drago et al. 2019). However, it has not been
established if this stands for AKT1 inhibitors. Therefore, | attempted to assess whether FGFR1
amplification as a single marker or in combination with other markers can contribute to resistance to

fulvestrant and capivasertib.

55 end of treatment ctDNA samples were tested for FGFR1 amplification using ddPCR, described in
chapter 3, section 3.6.3. The 3.4 copy number cut-off was used to assign ctDNA samples as amplified.
The threshold was determined using maximally selected rank statistics. FGFR1 amplification was found
in 9 (13.4%) ctDNA samples, 43 (78.2%) samples were assigned as FGFR1 non-amplified, and 3 (5.4%)
unassigned with inconclusive results, Table 38. Survival analysis was performed for this group of

patients based on FGFR1 status in ctDNA samples, Table 43.

Patients with FGFR1 amplification detected in ctDNA samples were found to have a shorter median
PFS of 1.6 months (0.69 -3.15), and patients with no amplification detected had 4.8 months (1.02 -
27.24), p - 0.0004. The high Hazard Ratio suggests that patients with FGFR1 amplification progress
faster than patients with normal FGFR1 copies, Table 43 and Figure 47. However, the overall survival

difference of 3.9 months (p=0.073) favouring the FGFR1 non-amplified group was not statistically
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significant due to small numbers of patients who reached the survival event at the time of data

analysis, Table 43 and Figure 47.

Table 43. Summar

of PFS, OS of patients with FGFR1 status detected in ctDNA.

PF5 05
FGFR1 Total
DNA nu:'iher median HR 95%Cl | 95%Cl | median HR 85%Cl | 95%Cl I
PFS lower | upper pvalie 05 lower | upper pualie
Am 9 16 124
P 3.81 1.7 8.56 | 0.0004 249 | 0.89 6.97 | 0.073
Non-amp| 43 4.8 16.3

PFS -Progression-free survival, OS — Overall Survival, HR — Hazard Ratio, ClI — Confidence Interval, FGFR1

amp — amplification, FGFR1 non- amp - non-amplified
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Figure 47. Kaplan-Meier Curves presenting PFS and OS by FGFR1 status in ctDNA.
Progression free survival by FGFR1 amplification in ctDNA
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6.3.3.1 FGFR1 Amplification in FFPE and ctDNA

Objective: Can FGFR1 amplification be detected in the FFPE DNA and matched ctDNA samples? If so,

what is the concordance?

FFPE DNA with matched ctDNA from 34 patients were tested for FGFR1 amplification with ddPCR, as

described in chapter 3, section 3.6.3.

9 (26%) of 34 FFPE samples were found to have FGFR1 gene amplified, 18 (53%) of 34 were FGFR1
non-amplified, 7 (21%) inconclusive. 9 patients with inconclusive results in either FFPE DNA or ctDNA

were excluded from concordance analysis.

20 (80%) of 25 evaluable patients had FGFR1 status concordant between FFPE DNA and ctDNA,
including 5 patients with FGFR1 amplification and 15 patients with non-amplified FGFR1 in both

matched samples, Table 44.

5 (20%) of 25 patients had discordant FGFR1 status, including 3 patients with FGFR1 amplification
detected only in FFPE DNA and 2 patients with FGFR1 amplification in ctDNA only, Table 44.
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Table 44. FGFR1 concordance between FFPE and ctDNA

FFPE ctDNA Treatment

ID FGFR1 CN FGFR1 CN PFS | Response |
11 UN 4.84 4.19 1.6 Bad F
31 2.76 2.59 2.4 Bad F
53 4.04 5.24 1.3 Bad F
60 UN 2.86 2.57 1.8 Bad F
73 2.32 2.69 1.2 Bad F
85 3.11 2.68 1.3 Bad F
121 UN 2.82 2.99 1.2 Bad F
125 3.34 2.75 1 Bad F
147 2.37 4.73 1.2 Bad F
154 2.07 2.54 1.5 Bad F
18 4.93 2.71 4.9 Medium F
26 1.83 2.81 4.8 Medium F
33 4.01 3.96 3.2 Medium F
82 3.25 2.65 5.2 Medium F
109 UN 3.07 5.18 3 Medium F
118 6.13 UN 4.51 8.6 Medium F
127 5.76 3.07 3.1 Medium F
139 2.57 2.71 4.8 Medium F
142 2.44 2.87 8.4 Medium F
175 7.96 6.85 3.1 Medium F

1 UN 2.23 2.67 10.4 Good F
116 9.56 2.67 11.6 Good F
16 3.57 2.61 1.4 Bad F+ A
17 3.73 2.8 1.3 Bad F+ A
35 5.81 4.68 0.7 Bad F+ A
108 2.05 5.12 0.7 Bad F+ A
156 2.22 2.6 1.2 Bad F+ A
143 2.39 2.92 5 Medium F+ A
151 16.28 4.78 3.2 Medium F+ A
166 UN 4.15 3.29 6.6 Medium F+ A
9 3.07 3.13 27.2 Good F+ A
10 UN 4.4 2.68 27 Good F+ A
42 1.73 UN 3.16 10.5 Good F+ A
86 2.31 3.07 12.8 Good F+ A

Dark green colours —FGFR1 amplified samples. Light green colour —FGFR1 non-amplified sample. UN —
Unknown —inconclusive result. CN — Copy number, NT not tested, ID - Patient ID, PFS — Progression-Free
Survival, F - Fulvestrant, F + A — Fulvestrant + Capivasertib.

Two patients (108 and 147) with FGFR1 amplification detected in ctDNA but not in FFPE DNA had time

intervals between samples nine and two years, respectively, Table 44. These patients were previously
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exposed to multiple treatments before recruitment to the FAKTION trial. Therefore, they could acquire

FGFR1 amplification, or false negatives were detected in FFPE DNA due to potential technical issues.

Three patients (18, 116, 127) had FGFR1 amplification detected in primary tumours only. The possible
reasons for not detecting FGFR1 amplification in ctDNA could be: 1 - poor blood sample handling, 2 -
method error or insufficient sensitivity, 3 - biological reason: surgical treatment eliminated the
primary disease, but the relapsed metastatic disease has a different genetic profile, 4 - the shedding

of DNA to bloodstream could have been affected by multiple treatments stabilising disease.

This section showed that FGFR1 amplification could be detected in FFPE DNA and ctDNA using

ddPCR, with the concordance of 80% between both samples.

6.3.3.2 FGFR1 amplification in FFPE DNA/ctDNA versus PFS and OS

Objective: How does FGFR1 amplification in the FFPE DNA/ctDNA affect PFS and OS in 55 patients
treated in the FAKTION trial?

| have performed survival analysis on this group of patients, using Kaplan-Meier curves and Cox
regression, based on the detection of FGFR1 amplification in either FFPE DNA or ctDNA samples.
However, the median PFS and OS differences were not clinically or statically significant, Table 45 and

Figure 48.
In contrast to MYC analysis, FGFR1 survival analysis did not reveal significant differences in PFS and
0OS. Thus, FGFR1 status might not play a role as a prognostic biomarker, or it may affect survival

when FGFR1 is very highly amplified or present with other mutations or amplifications.

Table 45. Summary of PFS, OS of patients with FGFR1 status detected in FFPE/ctDNA.

PFS (01
FGFR1 Total di 95% Cl 95% Cl di 95% Cl 95% ClI
ctDNA/FFPE | number | ™07 | WR ’ *“ | pvalue | ™ | wr ’ = | pvalue
PFS lower upper 0S lower upper
Amp 13 3.0 15.5
1.89 | 0.97 3.66 0.055 2.12 0.76 591 0.14
Non-amp | 35 4.8 17.6

PFS -Progression-free survival, OS — Overall Survival, HR — Hazard Ratio, CI — Confidence Interval, FGFR1
amp — amplification, FGFR1 non- amp - non-amplified
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Figure 48. Kaplan-Meier Curves presenting PFS and OS by FGFR1 status in ctDNA and/or FFPE DNA.
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6.4. MYC and FGFR1 Status Versus Treatment Arms

Objective: Can MYC and FGFR1 amplification influence treatment response to fulvestrant and the
combination of fulvestrant and capivasertib? Which amplification is more critical in response to

treatment?

In this cohort of 55 patients, 20 patients received combination therapy of fulvestrant and capivasertib,
and 35 have received fulvestrant only. MYC and FGFR1 status were defined as detection of
amplification in ctDNA or FFPE DNA samples. PFS in each treatment group, according to MYC and
FGFR1 status, is presented in Table 46.

Table 46. Median PFS for both treatments in the FAKTION trial as per MYC and FGFR1 status (FFPE/ctDNA).

Amp status
Treat t Patient
reatmen CtDNA/FEPE atients PFS
R 95% Cl 95% Cl
MYC median PFS ange HR 0 0 p value
PFS lower upper
A 5 131 0.7-5.8
FUL + CAPi mp 2.94 0.92 9.38 0.053
Non-amp 12 4.83 1.2-27.0
A 12 3.04 13-7.6
FUL L 2.04 0.94 441 0.061
Non-amp 21 4.8 1.0-89
FGFR1
FUL + CAPi Amp 3 0.7 07:31 | ¢q5 120 2.28 0.01
Non-amp 14 4.8 1.2-27.2 ' ' ' '
FUL Amp 10 31 L1316 0 g 0.645 3.07 038
Non-amp 21 48 1.0-189 ' ' ' '

FUL — fulvestrant, CAPi — Capivasertib (AKT inhibitor), Amp — Amplification, No — number, HR Hazard Ratio,
PFS — Progression-Free Survival.
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6.4.1 Patients Treated with Fulvestrant and Capivasertib

Objective: Can MYC and FGFR1 amplification influence treatment response to the combination of

fulvestrant and capivasertib?

In the group of 20 patients who received the combination of fulvestrant and capivasertib. 5 patients
were found to have MYC amplification, including 3 patients with concordant MYC amplification and 2
patients with MYC amplification only detected in ctDNA. In addition, 3 of these 5 patients also had
FGFR1 amplification, Table 47. 3 patients had inconclusive results and were excluded from the

analysis.

Table 47. HER2, MYC, FGFR1 amplification detection in FFPE DNA and cfDNA in patients treated with
fulvestrant + capivasertib.

FFPE ctDNA
ID PFS Response
HER2 mMYC FGFR1 HER2 MYC FGFR1

16 NT 1.4 Bad
17 1.3 Bad
35 0.7 Bad
108 0.7 Bad
148 NT NT 1.5 Bad
156 NT 1.2 Bad
57 NT NT 4.9 Medium
104 NT NT UN 4.8 Medium
135 NT NT 3.1 Medium
143 NT 5.0 Medium
144 NT NT 3.2 Medium
150 NT NT 4.8 Medium
151 UN 3.2 Medium
166 NT 6.6 Medium
2 NT NT 10.3 Good
9 UN 27.2 Good
10 NT UN 27.0 Good
42 UN UN 10.5 Good
86 NT 12.8 Good
97 NT NT 13.7 Good

Dark colours — Amplified, Light colour — Non-amplified. UN — Unknown —inconclusive result. CN — Copy
number, NT — Not Tested, ID - Patient ID, PFS — Progression-Free Survival (months), F - Fulvestrant, F + A —
Fulvestrant + Capivasertib.
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In the bad responders' group, whose PFS was below 3 months, 3 (50%) of 6 patients had concordant
MYC amplification confirmed in ctDNA and FFPE DNA, Table 47. In addition, patient 35 had concordant
FGFR1 amplification, and patient 108 had FGFR1 amplification detected in ctDNA only. These three

patients had a poor median PFS of 0.7 months (range 0.7-1.3).

In the medium responders' group, whose PFS ranged between 3 — 9 months: 2 of 8 (25%) patients
were found to have MYC amplification in FFPE DNA only. One of these patients also had concordant

FGFR1 amplification in both FFPE DNA and ctDNA samples.

Interestingly, in the good responders' group, whose PFS was over 9 months, there were no patients
with MYC or FGFR1 amplification detected in ctDNA, and all of them had good PFS of 13.3 months
(range 10.3-27.2), Table 47.

The median PFS for 5 MYC amplified patients was 1.3 month (0.7 — 6.6) and for 3 FGFR1 amplified
patients was 0.7 months (0.7-3.2) compared to PFS of 4.9 months (1.2-27.0) in the non-amplified
group, HR =2.939 (95% Cl 0.92 — 9.38), p=0.053. There was 3.6 months difference in PFS (p=0.053) for
patients with MYC amplification and a bigger PFS difference of 4.2 months(p=0.012) for patients with
FGFR1 amplification, considered separately. However, it is difficult to identify which of the two

amplifications contribute to worse PFS in patients with co-existing amplifications.

MYC and FGFR1 amplification were mainly found in bad and medium responders to combination

therapy, which could negatively influence treatment response.

6.4.2 Patients Treated with Fulvestrant

Objective: Can MYC and FGFR1 amplification influence treatment response to fulvestrant?

In the 35 patients treated with fulvestrant only, 12 patients had MYC amplification detected, and 10

patients had FGFR1 amplification, Table 48. 6 patients with inconclusive results eitherin MYC or FGFR1

group were excluded from the analysis.
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Table 48. HER2, MYC, FGFR1 amplification detection in FFPE DNA and cfDNA in patients treated with

fulvestrant.

FFPE ctDNA
ID PFS Response
HER2 myc FGFR1 HER2 mMycC FGFR1

11 UN UN 1.6 Bad
31 NT 24 Bad
53 ] 13 Bad
60 UN UN 1.8 Bad
66 NT NT 2.2 Bad
73 EEE L | 1.2 Bad
85 1.3 Bad
121 UN UN 1.2 Bad
125 NT 1.0 Bad
134 NT NT 1.2 Bad
141 NT NT 1.4 Bad
147 1.2 Bad
154 1.5 Bad
18 UN 4.9 Medium
26 NT 4.8 Medium
33 UN 3.2 Medium
39 B T 7.7 | Medium
52 NT NT 3.1 Medium
67 NT NT 5.6 Medium
82 vis UN 52 | Medium
92 NT NT 7.1 Medium
103 NT NT 3.1 Medium
109 UN 3.0 Medium
118 UN 8.6 Medium
127 NT 3.1 Medium
139 NT 4.8 Medium
142 8.4 Medium
175 [ ] 3.1 | Medium
119 NT NT UN 4.4 Medium
1 NT UN 10.4 Good
13 NT NT 18.9 Good
41 NT NT 18.7 Good
78 NT NT 10.3 Good
116 NT 11.6 Good
6 NT NT 16.9 Good

Dark colours — Amplified, Light colour — Non-amplified. UN — Unknown —inconclusive result. CN — Copy
number, NT — Not Tested, ID - Patient ID, PFS — Progression-Free Survival, F - fulvestrant, F + A —fulvestrant

+ capivasertib.

In the bad responders' group, 5 (38.5%) of 13patients had MYC amplification detected in either of

FFPE DNA or ctDNA samples, Table 48. 4 of 5 patients had co-existing amplifications: 3 patients with
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FGFR1 amplification in ctDNA and one patient with HER2 amplification in both ctDNA and FFPE DNA.

The median PFS of these 5 patients was very poor of 1.3 months.

In medium responders, 7 of 16 (44.8%) patients had MYC amplification, and 6 (37.5%) of 16 patients
had FGFR1 amplification, Table 48. 5 patients had FGFR1 amplification co-existed with MYC

amplification. The median PFS for these patients in this group was 4.0 months.

In the good responders' group, we can note that there were no patients with MYC amplification, and
only one patient had FGFR1 amplification detected in a tissue but not in the end of treatment ctDNA
sample and therefore difficult to predict how significant FGFR1 amplification was in tissue in the
primary tumour. It might not have been relevant in the metastatic setting. Patients in this group had

an excellent response to fulvestrant with a median PFS of 14.2 months (range 10.4-18.9).

A similar pattern to the previous group can be noticed in the patient group that MYC and FGFR1
amplifications were mainly present in bad and medium responders. It was challenging to establish
which amplification plays the most crucial role in the poor response group. However, MYC and

FGFR1 amplifications seem to co-exist in both groups.

6.4.3 Discussion

This section shows that the detection of MYC and FGFR1 amplification can influence both treatments'
responses: fulvestrant and fulvestrant with capivasertib. FGFR1 amplification seems to co-exist with
MYC amplification. In this study, it is difficult to identify which one is more important or whether the
presence of both can cause a worse clinical outcome than one amplification. However, this study
shows that fulvestrant on its own and with capivasertib cannot effectively overcome endocrine

resistance and inhibit PI3K/AKT1 pathway in patients with MYC or/and FGFR1 amplification.

This raises the question of whether patients with MYC amplification with or without FGFR1
amplification should receive endocrine treatment with fulvestrant or in combination with
capivasertib. The trial needs to identify patients who will benefit from new therapy and identify
patients who might not respond. There have been suggestions that targeting MYC-regulated pathways
combined with inhibitors of other oncogenic pathways, such as ER/PR, HER2 and PI3K/AKT1 pathways,

could provide a promising therapeutic strategy for breast cancer (Xu et al. 2010).
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This shows how important is the identification of multiple mutations and their clinical importance.
Analysing of series of relevant biomarkers could help create a better selection system for patients for
future trials and treatments. Previous trials with FGFR1 targeted therapy failed to identify a biomarker
that will select patients. The reason for this could have been that the main focus was on the detection
of FGFR1 amplification, but MYC or other genes were not assessed. This will need to be addressed in

future trials with targeted therapy.

6.5. Combined Data of CNVs and SNVs of 55 Patients.

6.5.1 Patient with Detected CNVs and SNVs

Objective: How can the detection of CNVs and SNVs in ctDNA and FFPE DNA influence response to
treatments in the FAKTION trial?

In the previous section of this chapter, | presented copy number variation of HER2, MYC, FGFR1 genes
data for 55 patients found in the end of treatment ctDNA samples and part of the matched baseline
FFPE samples using ddPCR. In this section, | added PIK3CA data collected as part of the FAKTION trial.
All the 55 patients had PIK3CA tested for mutations in exon 9 (p.E542K, p.E542K) and exon 20
(p.E542K, p.H1047L) in baseline FFPE and ctDNA samples. In addition, there was also available data
from baseline (FFPE and ctDNA) and longitudinal samples (ctDNA) for 8 patients from chapter 4.

Table 49 shows a summary of mutations detection in 6 genes (CNV - MYC, FGFR1, HER2, SNV- PIK3CA,
ESR1, TP53) in ctDNA at any time and in FFPE DNA for each patient. The data is not complete, as not
all the patients were tested for TP53 and ESR1 mutations. These have been marked in the table as not
tested. Despite incomplete data, we can see an exploratory pattern that could be evaluated in future

projects.
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Table 49. Combined data for 55 patients divided by treatment and response type.

D FFPE ctDNA PFS | Response Treatment
HER2 FGFR1 | PIK3CA | TP53 | ESR1 | HER2 | MYC |FGFR1 |PIK3CA| TP53 | ESR1 arm
16 NT NT | NT 1.4 Bad F+ A
17 1.3 Bad F+ A
35 07 Bad F+ A
108 d 0.7 Bad F+A
148 NT | NT NT | NT NT | NT 15 Bad F+ A
156 NT NT | NT UN | NT | NT 12 Bad F+A
57 NT NT 4.9 Medium F+ A
104 NT | NT UN 48 | Medium F+ A
135 NT | NT 31| Medium F+A
143 NT NT | NT NT | NT 50 | Medium F+ A
144 NT | NT [ NT | NT NT NT 32 | Medium F+ A
150 NT | NT | NA | NT | NT NT | NT 48 | Medium F+ A
151 NT | NT UN NT 32 | Medium F+A
166 NT NT | NT NT 6.6 | Medium F+ A
2 NT | NT NT | NT NT | NT 103 | Good F+ A
9 UN NT | NT NT 272 | Good F+ A
10 NT | UN NT | NT NT | NT 270 | Good F+ A
42 UN | UN 105 | Good F+ A
86 NT NT | NT NT | NT 128 | Good F+ A
97 NT | NT | NA | NT | NT NT | NT 13.7_| Good F+ A
11 UN | UN [ NT | NT NT 16 Bad F
31 NT NT | NT NT | NT 24 Bad F
53 - NT | NT NT 13 Bad F
60 UN | UN NT | NT NT 18 Bad F
66 NT | NT NT | NT NT | NT 22 Bad F
73 | NT | NT - NT 12 Bad F
85 I ~T [T Pt 13 Bad F
121 UN | UN NT | NT NT 12 Bad F
125 NT NT | NT NT | NT 1.0 Bad F
134 NT | NT | NA | NT | NT NT | NT 12 Bad F
141 NT | NT NT | NT NT | NT 1.4 Bad F
147 NT | NT NT 12 Bad F
154 I ~T [T NT 15 Bad F
18 NT | NT UN NT 4.9 | Medium F
26 NT UN | NT | NT NT | NT 4.8 | Medium F
33 UN NT | NT NT 32 | Medium F
39 NT NT | NT NT 7.7 | Medium F
52 NT NT NT NT NT NT 3.1 Medium F
67 NT | NT NT | NT NT | NT 56 | Medium F
82 e NT | NT UN NT 52 | Medium F
92 NT | NT NT | NT NT | NT 7.1 | Medium F
103 NT | NT NT | NT NT | NT 31| Medium F
109 UN NT | NT NT 3.0 | Medium F
118 NT | NT UN NT 86 | Medium F
127 NT NT | NT NT | NT 3.1 | Medium F
139 NT NT | NT NT | NT 48 | Medium F
142 [ T [ Nt NT 84 | Medium F
175 - NT | NT NT 31 | Medium F
119 NT | NT [ NA | NT [ NT UN NT 44 | Medium F
1 NT | UN NT | NT NT | NT 104 | Good F
13 NT | NT NT | NT NT | NT 189 | Good F
21 NT | NT_ || NT | NT NT NT 187 | Good F
78 NT | NT NT | NT NT | NT 103 | Good F
116 NT NT | NT NT | NT 11.6_| Good F
6 NT | NT NT | NT NT | NT 169 | Good F
IHC +/-
Method | FisH, | ddpcr | dapcr | “9PR | nas |99PR | yupcr | ddper | ddpcr | 9P | ngs |9PR T i X X
daPeR NGS NGS NGS NGS

The dark colours of each column demonstrate positive mutations. Lighter colours represent negative mutations. ID —
Patient ID, NT — not tested, UN - unknown despite testing, NA - sample not available, F — Fulvestrant, F+A — Fulvestrant
and AKT1 inhibitor, NGS — Next Generation Sequencing, ddPCR- digital droplet PCR.
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Figure 49. All available mutations data in patients by response type.

ALL Mutations(SNV+CNV) per Patient by Response Type

Bad \ Medium [ Good
Q
@
- ctDNA
[+
e o B N

- Mutations

o ¢ b » @® MYC-CN
CT o 0V V0y | Gy Cf o ©5® oo FGFR1 -CN

] @® HER2-CN
" . @ PIK3CA - MAF
@® ESR1 - MAF
@® TP53 - MAF
P 2
<
° FFPE
@

o]

L J

L

[ = ( J 1= P [ N ] L
L4 ® »>® eo_ .ob( Py * 9
e e T

MAF — Mutant Allele frequency (%), CN - Copy Number. Response by PFS —good (>9 months), medium
(3-9 months), bad (<3 months).

In Table 49 and Figure 49, | aimed to show the magnitude of all mutations, SNVs are presented by
mutant allele frequency (MAF), and CNVs are presented by a number of copies (CN). A similar pattern
as in chapter 4 can be noticed. In good responders, there were fewer mutations than in medium and
poor responders. TP53 mutations, MYC and FGFR1 amplifications were present mainly in the bad and
medium responders. In the good responders' group, mostly PIK3CA and ESR1 mutations were
detected, and the MAF in ctDNA were lower than medium and bad responders. This could suggest
that cancers with multiple genetic modifications could be resistant to both treatments, or the
response to treatment could be short-lived as medium responders in this project achieved a median
PFS of 4.8 months (with the longest 8.4 months) in both treatments' arms. The presence of MYC
amplification can predict resistance to PI3K inhibitors (Dey et al. 2015), and this could apply to AKT
inhibitors but needs more evidence. MYC, FGFR1 and TP53 alterations could contribute to the limited

response to treatment.
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Patient 154, with HER2 amplification detected in tissue and ctDNA, was also found to have MYC
amplification and PIK3CA mutation in both samples, Table 49. Detection of multiple mutations, HER2
and MYC amplification and PIK3CA mutation could suggest heterogeneous disease with multiple
cancer pathways activated and, therefore, potentially more aggressive disease. This could potentially

explain why the patient did not respond to the fulvestrant, Table 49.

This section showed that point mutations in the TP53 gene and amplification of HER2, MYC and
FGFR1 genes were mainly present in bad and medium responders in both treatment groups in the
FAKTION trial. However, point mutations mainly in PIK3CA and ESR1 genes were detected in the
good responders’ group with no additional mutations. In addition, the MAF of these mutations in

ctDNA appeared to be lower compared to the medium and bad responders group.

6.5.2 Patients with No Mutations Detected

Objective: What were the clinical outcomes for patients with no mutations detected in this project?

Did the number of mutations influence PFS?

In Figure 49, | showed mutational data for patients with at least one detected mutation in both
treatment groups. However, 21 (38%) of 55 patients had no mutations detected. In Table 50, | present
patients with no mutations and with at least one mutation and their clinical responses to both

treatments based on PFS.

Table 50. Patients with no mutations versus patients with at least one mutation found, divided by
treatment group and response type.

presence in| Treatment | number of
any sample patients bad medium good
N F+A 7(13%) 2 2 3
o
. F 14(25%) 7 4 3
mutation
Total 21(38%) 9(43%) 6(28.5%) 6(28.5%)
1 F+A 13(24%) 4 6 3
>=
. F 21(38%) 6 12 3
mutation
Total 34(62%) 10(29%) 18(53%) 6(18%)

F — Fulvestrant, F+A — Fulvestrant and Capivasertib, Response by PFS — good(> 9 months), medium(3-9
months), bad(< 3 months).
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Median PFS for patients with no mutations was 3.1 months and 3.8 months for patients with at least

one mutation present in any sample. No statistical difference in PFS (p=0.89) was found when

comparing two groups, Figure 50. This statement is limited by small numbers of patients and

incomplete data as not all mutations were tested for all participants. Nevertheless, investigating this

group of patients is essential as potential other molecular pathways involved were not explored in this

project.

This section showed that 57% of patients with no detected mutations responded to both

treatments, and 43% failed to respond. Therefore, it is important to characterise this patient group

molecularly and explain why some patients responded and others did not.

Figure 50. PFS assessment between two patients groups with Kaplan-Meier Survival Curves.
Kaplan—Meier Survival Curves by Number of mutations detected in both samples(FFPE and ctDNA)
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6.5.3 Discussion

In this section, | showed that combined data of SNVs and CNVs offers valuable information about the
genetic profile of endocrine-resistant breast cancer. In the FAKTION trial, investigators assessed
PIK3CA mutations and correlated with response to capivasertib, but unfortunately, no association was
found (Jones et al. 2020). Assessment of one biomarker in the trial setting might be misleading. The
co-existing biomarkers could influence the trial results. Multiple genetic alterations carry prognostic
and predictive information. The additional information about mutations in TP53, MYC, HER2, FGFR1
gene presence could explain why some patients had not responded or had a minimal benefit from
therapy. The information about multiple mutations can be essential information for clinicians. The

patient could be monitored closely as the response to treatment might be short-lived.

In the FAKTION trial, combination therapy aimed to block the oestrogen receptor and PI3K/AKT
pathway. This can be a very effective treatment for ER-positive tumours with an activated PI3K/AKT
pathway. However, how effective can this treatment be if not only the PI3K/AKT pathway is active?
Can the presence of other mutations influence response to treatment and survival? If so, should
standard treatment like chemotherapy be considered rather than targeted therapy until better
therapy is available? There is currently no tool available to tell clinicians which patient will respond to
treatment and what would be the duration of response. The most relevant biomarkers could be
examined to predict treatment response in future studies to enable select patients with better

precision for clinical trials and future clinical practice.

Patients with no mutations detected require further investigations for other biomarkers, which could
help us identify these patients and offer them more effective treatment. In the next step, it would be
essential to perform comprehensive genetic profiling of these tumours. There could be other
molecular mechanisms involved in treatment resistance; for example non — coding RNAs (ncRNAs) had
been described as an important regulator of the PI3K/AKT pathway (Dong et al. 2014; Benetatos et al.
2017). The ncRNAs could directly or indirectly target multiple pathway components (PI3K, AKT, PTEN,
mTOR). The endocrine resistance is multifactorial and complex. There are more resistance
mechanisms than has been described so far in the literature and therefore need to be discovered.
Future studies would need to improve the characterisation of resistant breast cancer and optimise

samples collections and methods. Testing other circulating or tissue biomarkers could help us identify
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other resistance mechanisms. New biomarkers would need to be further evaluated in phase Il and Ill

trials.
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7 General Discussion: The Translational Use of Circulating Tumour

DNA

Endocrine-resistant breast cancer has been the focus of this thesis. Despite the improvement in breast
cancer treatments, many patients still experience resistance to therapy and die of metastatic breast
cancer. There is an urgent need for developing biomarkers for breast cancer, for use in clinical trials
and clinical practice. These biomarkers would help patient stratification to different anti-cancer

therapies, detection of early response or resistance to treatment and response monitoring.

Circulating tumour DNA has been extensively studied in multiple clinical trials across multiple tumour
sites to detect specific biomarkers and monitor patient response to therapy. Over the last decade,
there has been a significant improvement in testing DNA with new genetic technologies, such as next-
generation sequencing and droplet digital PCR. This thesis applied these methods to tumour tissue
samples and ctDNA samples from patients with endocrine-resistant breast cancer from the FAKTION

trial.

7.1 Summary of Key Findings

In chapter 4, the 44-gene breast cancer NGS panel successfully identified mutations in baseline breast
cancer tissue DNA and ctDNA. Mutations found in PIK3CA, AKT and PTEN genes were mainly detected
in primary tumours. In contrast, ESR1 mutations were found mainly in ctDNA, which suggests acquired
endocrine resistance, consistent with the literature. Interestingly, ESR1 mutations could appear and

persist through treatment with aromatase inhibitors, tamoxifen and fulvestrant.

Mutations found in the TP53 gene, although not directly associated with endocrine resistance, were
evaluated in this project from the prognostic point of view. Most patients with TP53 mutation also
had concomitant ESR1, PIK3CA or PTEN mutations. Only one patient had a single TP53 mutation
detected. The TP53 mutation concordance between tissue DNA and ctDNA samples was high
compared to other mutations. TP53 mutations are most frequent in breast cancer (15-71%) (Pharoah
et al. 1999; Hill and Sommer 2002), with aggressive phenotypes (high histological grade, large size,
lymph node metastasis and low hormone receptor expression) and in patients <60 years old (Olivier

et al. 2006). In this project, patients with TP53 mutations were younger patients, compared to the rest
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of the patients (median age 56 versus 65 years) and had noticeably more aggressive disease with
multiple metastatic sites. Although TP53 is more common in triple-negative breast cancers, it can still
be present in oestrogen-positive breast cancer, as described in this study. The high burden tumours
would shed more ctDNA into the bloodstream, and mutations more likely to be detected in ctDNA

samples. Also, tracking mutations in longitudinal samples could potentially be more successful.

In this chapter, | have also attempted to explain the reasons for discordant PIK3CA mutation detection.
The discordance could be influenced by biological reason of tumour evolution, clinical reasons such as
multiple endocrine treatments received over a long period, the disease's burden, and technical

reasons like inadequate sample collection, failure of the method and data analysis.

In chapter 5, | detected mutations in baseline FFPE and ctDNA samples. | monitored them in sequential
ctDNA samples in patients with breast cancer who received fulvestrant and capivasertib. Patients were
divided into three groups (bad, medium, good responders) based on PFS as a response to combination
therapy. Most mutations were trackable in ctDNA and followed the expected pattern of response.
However, in some patients, the detected baseline mutations could not be monitored. There could be

many possible reasons, including technical issues with sample handling or method errors.

Also, in the good responders' group, mutations found in PIK3CA, AKT1, PTEN or ESR1 genes were at
lower frequencies than bad and medium responders. Furthermore, GATA3 mutations were only found
in the good responders' group and not in other groups. In contrast, TP53 mutations were mainly
detected in bad and medium responders. Noticeably, patients with TP53 detected in baseline ctDNA
could be easily tracked in sequential samples. These patients had no response or a very short response

to the combination of fulvestrant and capivasertib.

In chapter 6, | have demonstrated that HER2, FGFR1, MYC amplification, which plays a role in
endocrine resistance in breast cancer patients (Rani et al. 2019), can be detected in ctDNA. HER2
amplification was found in ctDNA and primary FFPE DNA of one patient in the FAKTION trial who was
expected to be HER2 negative from the initial IHC report. Although the transition from non-amplified
HER2 to amplified HER2 can occur in 6-9% (Regitnig et al. 2004; Lower et al. 2009), it was not
demonstrated in the study. MYC and FGFR1 amplification were mainly found in the ctDNA samples in
the bad and medium responders groups, regardless of the trial's treatment. In addition, FGFR1

amplification was commonly present with MYC amplification. This project showed that patients with

163



these amplifications might not respond or have a short response to fulvestrant with or without
capivasertib. This raises the question of whether broader detection of prognostic biomarkers prior to

commencing treatment could improve patient selection for trials and treatment in the future.

7.2 Implementation of Genetic Testing in Clinical Trials and Clinical Practice

7.2.1 Benefits and Limitations of Sequential ctDNA Samples Testing

This thesis has shown that multiple mutations can be detected in tissue DNA and ctDNA using NGS
and ddPCR techniques. Sequential ctDNA samples can be taken in 'real-time' as the patients undergo
anti-cancer therapy, which allows tracking of the mutations detected in baseline samples. Mutant
allele frequency of the mutations can change over time, depending on the treatment response. In
patients with good response to therapy, decreased MAF or undetectable mutation would be expected
in longitudinal samples compared to baseline samples. In patients with poor response, stable or
increase in MAF would be anticipated. This would allow detecting early response to treatment,
reassuring clinicians and patients that the treatment is working and worth continuing. The detection
of early progression would allow for early discontinuation of ineffective treatment and prevent
patients from toxicities. There is a strong clinical need to have early response biomarkers, which would

help inform clinicians of early response before the radiological or clinical response.

In addition, after initial response to treatment, sequential sampling can help detect disease
progression of the disease when MAF of tracked mutations is starting to rise or by detecting new
resistant mutations. This could allow clinicians to decide about changing the treatment early before
clinical progression. Also, testing samples at clinical progression allows detecting known resistant
mutations and discovering new resistant mutations. New resistant mutations can be further studied
and help the pharmaceutical industry work on new, more effective drugs. This has been a successful
strategy for EGFR inhibitors in EGFR positive lung cancers. A newer generation of anti-EGFR therapy
has improved and has become more effective in patients with acquired resistant T790M EGFR

mutations.

However, even though ctDNA can be a promising biomarker and could offer better disease monitoring
than radiological or clinical monitoring, it has not been widely used in current clinical practice for

disease monitoring. | have demonstrated in chapter 5 that the molecular patterns were not always
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followed as expected in the three response groups presented. Lack of consistency creates uncertainty
and could be the main barrier that ctDNA as a response biomarker has not been introduced to clinical
practice. In this project, | could not identify the specific reasons why the expected pattern was not
followed. However, multiple gene testing and using more than one method could help identify
potential technical reasons. For example, patient 122 in chapter 5, who had three mutations (PIK3CA,
ESR1 and CDH1) detected in baseline samples, had no mutations detected in the end of treatment
sample collected at the time of disease progression. These samples were tested with two techniques,
NGS and ddPCR. The expectation was to detect at least one of the mutations with one of the methods
in the end of treatment ctDNA sample. This could suggest that the sample's quality was low due to
inadequate sample handling or issues with the testing assay. Handling, processing samples and
validation and Quality Control/Quality Assurance of assays, can be a real issue, and mistakes can be
repeated and not be identified if only one method used and only one mutation is tested. The results
could be wrongly interpreted as a good molecular response to treatment as tracking mutation become
undetectable. Testing sequential samples with gene panels and possibly using two mutation detection
techniques and close correlation with the clinical response could help resolve technical issues and be
validated in future clinical trials. Once the process is optimised and standardised, it could be used with

confidence in clinical practice.

7.2.2 Role of ctDNA in the Detection of Copy Number Variations

CtDNA samples can be a useful biomarker in detecting single point mutations and other mutations
such as copy number variation. HER2 amplification in breast cancer has not only revolutionised the
treatment for breast cancer but has added important information about the prognosis of breast
cancers compared to HER2 non-amplified breast cancers. Also, recent studies have shown that HER2
can play a role in endocrine resistance (Shou et al. 2004). HER2 amplification is identified in current
practice, mainly in tissue. Despite multiple studies, including this one, have shown that it is possible
to detect HER2 amplification in ctDNA, this test has not been used in clinical practice. With more
validation and standardisation of the HER2 testing in ctDNA, this could find utility in diagnostics where
patients who are too unwell for biopsy or any other reason cannot undergo tissue biopsy. HER2
amplification identified in ctDNA could offer a patient an opportunity to receive anti-HER2 therapy,

which would otherwise not be possible without testing.
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In addition, | have also demonstrated in Chapter 6 that other amplifications can be detected in ctDNA,
such as MYC and FGFR1 amplifications. These amplifications can have a significant impact on prognosis
and response to new endocrine treatment with targeted therapy. It has been shown in previous
studies that amplification can appear over time as an effect of resistance to chemotherapy (Thomas
C. King 2007). MET amplification was also found to play a role in resistance to EGFR therapy in EGFR-
mutated lung cancer (Turke et al. 2010) and MYC amplifications in ALK-translocated lung cancer
(Rihawi et al. 2019). Therefore, it would be valid to monitor amplifications that play a prognostic and

predictive role in the new treatments in breast cancer.

CtDNA could be used for the detection of multiple amplifications and their monitoring. Also, ctDNA
could help to detect new resistant amplifications. Multiple gene amplification testing could be added
to biomarker testing, allowing patients selection for new treatments with higher precision in clinical
trials. However, this would require further investigations, validation and standardisation within clinical

trials to become a valid test in clinical practice in the future.

7.2.3 Challenges of Using ctDNA in Clinical Trials and Practise

CtDNA can be a valuable source of genetic information and can help in molecular profiling of the
tumour at multiple cancer progression stages. ctDNA is more likely to represent the entire tumour's
genetic profile as it is shed to the bloodstream from multiple cancer metastatic lesions, compared to
tissue biopsy, which is from the small part of the primary or metastatic lesion. Also, a small biopsy is
a snapshot of the tumour but does not necessarily represent the entire metastatic disease's genetic
profile. CtDNA seems a very promising biomarker to support personalised cancer therapy. However,
there are limitations in analytical sensitivity due to low concentrations of ctDNA in plasma samples,
technical aspects, and clinical factors. The validation of ctDNA in clinical trials can be challenging due

to clinical and technical reasons.

Before clinical trial treatment, many cancer patients undergo multiple treatments such as surgery,
radiotherapy, chemotherapy, and hormonal therapy. Multiple treatments, particularly previous
chemotherapy, can affect patients' veins. In phase | and Il clinical trials, patients have more often
blood tests than in standard practice, which is necessary to ensure the new drugs' safety. Therefore,
a translational research blood test might not be a priority for the clinical staff. Also, clinical staff might
find difficulty obtaining a blood sample when taken so often, and patients could have damaged veins.
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Some patients might have refused a blood test. All trials will have protocols provided to all
participating centres to inform medical and nursing staff how the ctDNA samples should be taken and
processed. However, samples still can be missed or taken incorrectly. Repeating sampling could be
challenging within a trial. Highly specialised trial centres can be localised far from patients' houses,

and therefore repeating the research sample might not be possible.

The handling of the sample may affect the quality of the DNA. The specific tubes (Streck tubes) were
provided for ctDNA collection in the FAKTION trial. For example, specific instructions were given on
how many times the tube needs to be rotated before sending to the laboratory. This procedure could
potentially be missed as this is not a routine procedure with other blood tests. Many minor mistakes
can happen on the way between sample collection before arriving at the laboratory. Wrongly handled
samples could affect detecting ctDNA as this carries the risk of wild type DNA being realised from
white cells. Testing a low-quality sample can confuse the result and interpretation with clinical

findings.

Collection of blood in Streck tubes allowed 96 hours for the samples to reach the laboratory.
Unfortunately, some samples arrived after that time. These samples needed repeating, but this
required arranging for the patient another appointment, and sometimes this could occur during the
following visit for the next cycle of treatment. This blood sample would be taken at a different time of
ongoing treatment. In the FAKTION trial, 8-week samples, which should have been taken on day 1 of
cycle 3 of treatment, arrived at different times, at 2- or 4-months. CT scans assessing clinical response
were performed between 2-3 months. In this situation, the correlation of detecting early response
before a clinical response can be impossible. In phase lll trials, the challenges can be even more
prominent, and they must be considered and addressed to find a way of improving sample collections

in clinical trials.

Despite the best efforts in sample collection, there is still the risk of errors during sample processing
in the laboratory. Trials use the central laboratory for testing and storage, using validated and
standardised protocols for separating plasma from blood, storage, and ctDNA extraction. In FAKTION,
dedicated technicians in AWMG Laboratory performed the plasma separation and ctDNA extraction

from blood samples. However, human error can still happen in processing and storage.
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| found that the concentration of total extracted baseline cfDNA in FAKTION samples was low. When
this trial was conducted, there were only a few platforms available for cfDNA extraction. Newer
platforms facilitate obtaining higher yields of cfDNA from patients' samples, which will need to be

evaluated in future research and trials.

NGS platforms valuable method offers an opportunity to screen multiple genes in one run. However,
NGS can be prone to generating multiple artefacts, especially with low DNA input. Several NGS
techniques and bioinformatic pipelines have been used by different research groups to eradicate
artefacts and increase true variant calling. Despite ongoing improvements in NGS technology and
bioinformatic analysis, there is no consensus regarding the NGS technique and bioinformatics
protocols. Recently in the USA, Food and Drug Administration (FDA) has approved Foundation
Medicine genetic profiling of tissue and ctDNA as the first diagnostic genetic testing platform.

However, these tests still require a good quality sample with sufficient cfDNA to process the sample.

Droplet digital PCR is a method that allows detecting low allele frequency variants in ctDNA. However,
the sensitivity of variant detection by ddPCR seemed to be dependent on the amount of input DNA,
where more DNA allows increased sensitivity for variant detection. This is an essential aspect of the
ctDNA analysis, given that total cfDNA concertation can be as low as 1ng. In the literature, there are
variable cut-offs used for mutation detection. This method requires further standardisation not only
in the research field but also in clinical practice. As the sensitivity depends on DNA input, several
thresholds might need to be developed to detect mutations. Also, ddPCR used for amplification
detection will require further technical and clinical validations in prospective large clinical trials to

ensure the results are accurate and sensitive enough to be applied in clinical settings.

This study showed a good concordance between the NGS and ddPCR methods (R? = 0.990). NGS
platform allows high-throughput sequencing of multiple genes, whilst ddPCR enabled very sensitive
and specific gene mutations detection in low-concertation cfDNA samples. Newer NGS panels can
achieve the limit of detection of allele frequency below 1%. However, mutations detected below 1%
can also result from sequencing artefact; therefore, confirmation with a second reliable and more
sensitive (0.01%) method like ddPCR would be indicated. Using both methods for mutation detection

could potentially increase confidence in results when used as a diagnostic tool in clinical practice.
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Despite the limitations of current technology and ctDNA analysis, it can still be a valuable sample as it
is a minimally invasive blood test. It can be taken several times and analysed as patients undergo
multiple systemic therapies. There are ongoing trials in breast cancer, such as PLASMAMATCH (ICR-
2018) and c-TRAK TN (CRUK-2018), which will validate the clinical utility of ctDNA in breast cancer.
The treatment decisions are based on results from ctDNA to confirm that ctDNA can be an accurate
biomarker and that acting on changes in ctDNA levels by commencing additional therapies will

improve survival.

7.3 Future Directions

At present, there are no validated biomarkers used in the clinical setting to predict response and the
length of response to a combination of endocrine therapy with targeted therapy in patients with
breast cancer. In the USA, recently FDA approved Alpelisib for patients with PIK3CA-mutated breast
cancer based on phase Il SOLAR-1 trial. The PIK3CA mutations can be detected in tissue DNA or ctDNA.
However, the detection of PIK3CA can only predict potential response to treatment but cannot predict
response duration. Patients in this trial were not stratified based on other molecular prognostic
markers. In the FAKTION trial, patients were stratified based on primary versus secondary endocrine

resistance, measurable versus non-measurable disease and based on PIK3CA/PTEN status.

In chapter 5 and 6, | have shown the importance of concomitant prognostic factors like TP53
mutations or MYC amplification. Patient with these mutations had no response to treatment, or the
response was limited despite having targeted therapy for the activated PI3K/AKT pathway. It has been
reported that TP53 somatic mutations are important as prognostic and predictive factors (Huszno and
Grzybowska 2018). As mentioned previously, breast cancer with TP53 mutations is more likely to be
aggressive and resistant to multiple therapies (Huszno and Grzybowska 2018). The importance of TP53
mutations was recently recognised in ALK-translocated lung cancers (Alidousty et al. 2018; Ross
Camidge D et al. 2020). TP53 mutations negatively affected crizotinib response and were correlated
with shorter PFS in ALK-positive lung cancer patients (Song et al. 2019). Andersson et al. showed worse
survival for TP53-mutated breast cancer patients receiving adjuvant chemotherapy (Andersson et al.
2005). The inclusion of TP53 mutation in testing should be considered in patients' stratification in
future large breast cancer clinical trials. Prospective analysis of a large number of patients data verified
by stage, number of metastatic sites and AKT1 inhibitor will clarify the actual clinical value of TP53
mutations in response to treatment and prognostication. The molecular biomarkers might be as
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important as clinical factors for patient stratification. For example, having concomitant TP53
mutations with PIK3CA or AKT1 could affect the PFS and OS to AKT inhibitor. It would be beneficial for
the clinician to understand prognostic molecular markers in clinical settings as this will allow making

an informed decision with the patient about the treatment.

Furthermore, it is essential to consider all the molecular changes that are detected in breast cancer.
In chapter 6, section 6.5, | demonstrated that patients could have multiple SNVs and CNVs. However,
| could not show whether the number of mutations isimportant or whether some mutations are more
important than the other. This will need to be evaluated in future research. There are currently online
tools like Adjuvant online or PREDICT and genetically driven methods like Oncotype DX, which help
clinicians decide whether adjuvant chemotherapy would benefit a patient. Currently, there is no such
tool in metastatic settings. Creating a tool for metastatic breast cancer that will consider clinical
information and include molecular genetic profiling will provide clinicians with valuable information
about the most successful treatment for individual patients and help predict the approximate duration

of response.

The new prospective phase lll trial after FAKTION should consider testing genes correlated with the
PI3K/AKT pathway and adding relevant genes. Patients with single detected mutation or multiple but
within one pathway PI3K/AKT, with no other mutations detected, would be stratified into two groups:
fulvestrant and placebo versus fulvestrant and capivasertib. This patient selection would be more
appropriate as a patient will be chosen with the affected pathway and excluding other pathways being
involved. This could show the actual activity of the new drug in selected patients. Patients whom we
have detected mutations in PI3K/AKT pathway and the concomitant mutations such as TP53 mutation,
MYC amplification could be randomised to two or three groups: fulvestrant with capivasertib versus
standard chemotherapy versus fulvestrant with placebo. This part of the study could identify the best

treatment for these patients until new therapy is discovered.
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8. Appendices

8.1 ESR1 Mutations Positive Controls from gblock

ESR1 mutated gblocks were used in the verification of ESR1 mutations assays due to the lack of
genomic mutation-positive DNA available for testing. Gblocks are synthetically made DNA fragments,
and 1ng gblock DNA is not equivalent to 1ng of genomic DNA. In 1ng genomic DNA (3.379bp) is ~300
copies of the target gene in the background of other gens. In contrast, 1ng of gblock DNA has ~2 billion
copies of pure synthetic DNA (500bp) of only target (e.g. ESR1) gene with no background of genomic
DNA; therefore, this required serial dilutions to the operating range of the Bio-Rad ddPCR system
(~9000 copies per ul). Double-stranded DNA, 500 bp, was made on request by Integrated DNA
Technologies for each ESR1 mutation and wild-type ESR1. These samples were required to be diluted
by more than a factor of 1,000,000 for useable levels for a ddPCR system of ~9000 copies per ul. The
formula for determining how many DNA fragments were contained in 1ng of gblock is presented in
Figure 51 (Prediger 2013). Diluted mutated gblock DNA fragments were mixed with wild-type gblock
DNA fragments to achieve 5% of mutant allele frequency (MAF). This sample was used as a positive
control for ESR1 ddPCR runs and further diluted for limit detection assessment.

The Droplet Generator produces approximately 20.000 droplets per sample, with the expectation of
one DNA copy per droplet; therefore, overloading the droplet generator with over 20.000 copies per

reaction can reduce sensitivity.

Figure 51. The formula for converting from nanograms to copy number(Prediger 2013).
X ng *6.0221 x 10> molecules/mole
(N * 660 g/mole)'* 1 x 10° ng/g

X = amount of amplicon (ng), N = length of dsDNA amplicon, 660 g/mole = average mass of 1 bp dsDNA,
6.0221 x 1023 - Avogadro's number

number of copies (molecules) =

8.2 Comparison and Validation of Reference Genes

Three reference genes were evaluated to establish, which would be most appropriate for CNV testing.
AP3B1 and EIF2C were recommended and already validated by Bio-Rad company. EIF2C validated with
HER2, MYC, FGFR1. EFTUD2 was used as the reference gene for the HER2 copy number assay. EFTUD2
gene was identified by Gevensleben et al. (2013) group as a stable gene that is not amplified with
HER2 in HER2-amplified cancers. Also, in non-amplified tumours, the EFTUD2 locus has a highly stable
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copy number ratio with HER2 locus, compared to other reference gene UBBP4 (Gevensleben et al.
2013). The sequence of the EFTUD2 probes and primes was sent to Bio-rad for manufacturing a

reference gene assay which was then tested with Bio-Rad HER2 CNV assay.

Gradient temperature was performed for the EFTUD2 gene, and 60°C was found to be the optimal
temperature for the HER2 CNV PCR assay. AP3B1 and EIF2C were ‘off the shelf’ reference genes with
validation gradient temperature recommendation of 60°C. Bio-Rad validated EIF2C with HER2, MYC,
FGFR1 CNV assays.

The results showed that the HER2:EFTUD?2 assay has a constantly reduced ratio in amplified and non-
amplified FFPE DNA and cfDNA, Table 51 and Figure 52. In ctDNA, when the minimal increase in copy
number can suggest amplification, testing with this reference gene would lower the CN ratios falsely,

leading to an increased risk of false negatives.

Table 51. HER2:EFTUD2 versus HER2:EIF2C assay tested with multiple samples.

HER2:EIFT2C HER2:EFTUD2
ID no Sample type Ratio 95% Cl high 95% Cl low Ratio 95% Cl high 95% Cl low
1 FFPE-Amp 4.49 4.91 4.06 4.44 4.79 4.09
2 FFPE-Amp 4.21 4.61 3.81 4.03 4.4 3.66
3 FFPE-Non-Amp 1.01 1.07 0.95 0.94 0.99 0.89
4 FFPE-Non-Amp 1.09 1.15 1.03 0.91 0.96 0.86
5 FFPE-Non-Amp 1.05 1.11 1 0.91 0.96 0.86
6  ctDNA-Non-Amp 1.12 1.24 0.99 1 1.1 0.89
7 ctDNA-Non-Amp 1.11 1.23 0.99 0.92 1.02 0.83
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Figure 52. Comparison of EFTUD2 vs EIF2C for HER2 CNV assay.
Comparison of Reference Genes: EFTUD2 vs EIFT2C for HER2 CNV Assa
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Figure 52 illustrates the difference in testing the same sample with the same HER2 copy number assay but
different reference genes — EFTUD2 and EIF2C. The graph on the right is a magnified part of a lower segment of
the left graph.

Figure 53 demonstrates the difference in testing the same sample with three different reference
genes. In samples with high tumour DNA content, all three reference genes can be used as all will be
able to detect amplification, although the CNV ratio may differ. However, using the EFTUD2 reference
gene in samples with 5% tumour content could risk not detecting amplification. The AP3B1 reference
gene is inconsistent in detecting amplifications in very low tumour DNA content 2.5% and 1.25%,
Figure 53. For this project, EIF2C was chosen to be used as a reference gene as the most consistent

gene and would not lower the results artificially and detect amplification in cfDNA with 5% of ctDNA.
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Figure 53. Determination of HER2 Copy Number by ddPCR using three reference genes in samples with
different tumour DNA content.
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8.3 DNA extraction results with NGS library concentrations

Table 52. FFPE DNA and cfDNA extraction results and final library concentrations for chapter 4 and 5.

FFPE CfDNA
cfDNAcon | cfDNAcon.
PtID DNA con. Final Lib in plasma in elusion |[Final Lib con
Tumour %
(ng/ul) ng/ul (ng per 1 ml volume (ng/ul)
of plasma) (ng/ul)
4 70 0.6 16.3 5.5 0.3 12.8
17 NA 1.3 13.1 30.2 1.5 17.1
21 NA 44.8 16.6 64.4 3.2 19.2
23 NA 13.5 11.4 5 0.3 6.6
34 90 39.1 16.8 13.2 0.3 14.7
35 NA 16.2 16.7 21.6 1.1 12.8
36 90 26 15.4 6.9 0.6 16
38 NA 1 12 9 0.2 13.2
42 45 20 15.7 8.8 1 6.9
44 40 0.1 3.5 43.4 2.2 11.6
45 80 0.8 4.4 25.8 1.3 17.6
51 80 2.5 15 6.8 0.3 11.5
57 25 0.4 5.2 49.6 2.5 4.9
65 75 12 14.5 20.8 1 11.7
71 40 0.9 17.8 8.9 0.4 16
77 60 0.3 15.5 42 2.1 16.7
79 80 35.4 18.8 33.2 0.3 8.7
80 NA 18.8 12.9 7.6 0.4 14.3
84 80 7 11.6 18.9 0.9 9.7
94 NA 20.3 17.6 13.1 0.7 17
929 90 46.2 18.6 12.2 0.6 13
104 80 2.9 12.5 7.7 0.4 13.9
106 60 0.1 4 12 0.6 13
108 80 32 6 26.8 1.3 14.6
110 80 3.4 15.8 11.4 0.6 13.9
111 70 18.1 5.3 14.7 0.7 9
115 NA 3.3 17 4.7 0.2 13
122 NA NT NT 7.2 0.4 21
123 NA 5.6 13.8 21.8 1.1 12.2
129 NA 39.9 5.2 4.4 0.2 9.1
131 NA 31.3 14.3 14.2 0.7 9.7
132 NA 4.6 17.7 5.2 0.3 8.9
138 NA 7.7 9.1 16.9 0.8 20.2
145 70 4.7 15.8 17.3 0.9 11.6

Pt ID — Patient number, DNA con — DNA concentration, Final Library DNA concentration for NGS, NA —
data not available, Tumour % - estimated tumour cell content
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Table 53. End of treatment cfDNA extractions and final library concentrations for 15 patients in chapter 5.

End of Treatment cfDNA extractions and final
library concentrations
cfDNA con
. cfDNA con.
in plasma . . . .
in elusion Final Lib
Pt ID (ng per 1
volume con (ng/ul)
m| of
(ng/ul)
plasma)

4 22.0 1.1 16.6
17 12.3 0.616 12.2
21 11.7 0.585 8.7
35 30.6 1.53 7.4
36 10.1 0.505 12.8
38 17.4 0.871 19.4
42 9.2 0.46 12
51 11.5 0.573 15.3
57 14.3 0.713 15.5
71 12.8 0.64 18.5
84 25.6 1.28 14.6
104 17.8 0.89 13.9
108 48.6 2.43 15.4
122 15.2 0.758 13.6
135 13.5 0.675 17.9

Pt ID — Patient number, DNA con — DNA concentration, Final Library DNA concentration for NGS,
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Table 54. End of treatment cfDNA extractions for chapter 6.

End of Treamtnet cfDNA
extractions
cfDNA con cfDNA
in plasma - con. in
Pt ID ng per 1 elusion
ml of volume
plasma (ng/ul)
1 67.0 3.4
2 12.6 0.6
6 13.5 0.7
9 44.8 2.2
10 22.8 1.1
11 32.6 1.6
13 21.4 1.1
16 58.2 2.9
17 12.9 0.6
18 7.7 0.4
26 24.4 1.2
31 11.9 0.6
33 138.0 6.9
35 40.4 2.0
39 87.6 4.4
41 10.1 0.5
42 3.2 0.2
52 984.0 49.2
53 28.2 1.4
57 3.0 0.2
60 10.2 0.5
66 12.9 0.6
67 14.3 0.7
73 13.3 0.7
78 13.2 0.7
82 23.6 1.2
85 12.3 0.6
86 10.8 0.5
92 84.0 4.2
97 24.6 1.2
103 13.0 0.7
104 11.5 0.6
108 41.0 2.1
109 25.0 1.3
116 16.9 0.8
118 13.8 0.7
119 127.8 6.4
121 12.8 0.6
125 70.2 3.5
127 129.0 6.5
134 19.0 0.9
135 16.2 0.8
139 10.4 0.5
141 14.3 0.7
142 30.0 1.5
143 16.0 0.8
144 17.1 0.9
147 56.0 2.8
148 21.8 1.1
150 17.5 0.9
151 17.6 0.9
154 224.0 11.2
156 61.0 3.1
166 14.9 0.7
175 10.1 0.5
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