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Abstract 
 

Targeting the commonly upregulated cell-cycle and PI3-kinase pathway in 

breast cancer are two of the most novel approaches to tackle the disease, 

with both strategies having led to clinically meaningful results and licensed 

drugs to use in the clinic. However, resistance to drugs inhibiting these 

pathways inevitably occurs and alternative strategies to delay this resistance 

and prolong survival are needed. CDK4/6 and PI3-kinase inhibitors synergise 

in PIK3CA mutant ER-positive and negative breast cancer pre-clinical 

models. A two-stage phase Ib trial was conducted to investigate safety and 

preliminary efficacy for the doublet CDK4/6 inhibitor palbociclib plus selective 

PI3-kinase inhibitor taselisib in solid tumours and the triplet palbociclib plus 

taselisib plus fulvestrant in patients with PIK3CA mutant ER positive HER2 

negative advanced breast cancer. The escalation phase defined the 

recommended dose for phase 2 (RDP2) and subsequent patients were 

enrolled in the expansion phase and treated with the RDP2, which required a 

dose reduction in taselisib (from the 4mg to 2mg dose PO QD). There was 

evidence of AKT pathway modulation in pharmacodynamics studies 

conducted in platelet rich plasma, suggesting inhibition of PI3K by taselisib at 

this dose. However, increased AKT phosphorylation 24h post-dose 

suggested rebound of PI3K pathway activation. Most reported all-grade AEs 

across expansion cohorts were neutropenia (88%), thrombocytopenia (57%), 

anaemia (48%), fatigue (45%), leukopenia (36%) and diarrhoea (34%). Most 

common grade 3/4 AEs in expansion phase were neutropenia (53%) and 

leukopenia (19%). The study recruited 25 patients with ER positive HER2 

negative PIK3CA mutant advanced breast cancer with an objective response 

rate of 37.5% (95% CI 18.8-59.4) and clinical benefit rate of 58.3% (95% CI 

36.6-77.9). In addition, there was durable disease control for some PIK3CA 

mutant ER negative patients and other solid tumours with the doublet 

taselisib plus palbociclib, with particularly long-lasting stabilizations in TNBC 

with high expression of androgen receptor. In the biomarker analysis in 

PIK3CA mutant triplet arm, high baseline cyclin E1 expression levels were 

associated with short progression free survival (PFS) (HR 4.16, 95% CI 1.32-

13.11, p=0.02), and early ctDNA dynamics were associated with PFS (high 
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on treatment ctDNA HR 5.23, 95% CI 1.41-19.42, p=0.04). High-depth error-

corrected paired plasma ctDNA sequencing provided evidence of ongoing 

cancer genomic evolution through triplet therapy, with evidence of ESR1 and 

FAT1 mutation acquisition under therapy. In conclusion, the triplet of 

palbociclib, taselisib, and fulvestrant has promising efficacy in patients with 

heavily pretreated PIK3CA-mutant ER-positive HER2-negative advanced 

breast cancer. A subset of patients with PIK3CA-mutant triple-negative 

breast cancer derived clinical benefit from palbociclib and taselisib doublet, 

suggesting a potential nonchemotherapy targeted approach for this 

population. Our study further supports high expression of cyclin E1 as a poor 

prognostic marker on palbociclib combinations and reinforces the evidence 

of early ctDNA changes predicting treatment efficacy. These findings provide 

preliminary proof-of-concept that supports future combination approaches 

involving both PI3K and cyclin-dependent pathway. 
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Chapter 1. Introduction 
 

1.1 Cell cycle biology basics 
 

Uncontrolled cell cycling is one of the common hallmarks in cancer [1], 

leading ultimately to increased proliferation, growth and survival of tumour 

cells. Cyclins and cyclin dependent kinases (CDK) are a family of proteins 

that regulate cell cycle by promoting transition through different phases of the 

cycle. These phases consist in a quiescence phase (G0), first growth phase 

(G1), DNA synthesis phase (S) where DNA is replicated, second growth 

phase (G2), and lastly mitosis phase (M) where the original cell divides its 

replicated DNA and cytoplasm into two new daughter cells. A simplified 

diagram of the cell-cycle can be found in figure 1. The transition through G1 

phase is regulated by the axis formed by cyclin D-CDK4/6, in what is called a 

restriction point [2-4]. The binding of cyclin D leads to CDK4/6 activation that 

phosphorylates the retinoblastoma protein (pRB). Phosphorylated pRB 

reduces binding and inhibition of the E2F family of transcription factors. The 

resulting activated E2F proteins upregulate cyclin E, which turns in additional 

phosphorylation of pRB, activation of S phase program and consequently 

commitment of the cell to complete mitosis. In oestrogen receptor positive 

(ER+ve) breast cancer, cyclin D is a common downstream effector of 

different driver pathways and thus overexpression of cyclin D leads to 

enhanced cyclin D-CDK4/6 axis and increased G1-S phase transition as a 

result. 
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Figure 1. Simplified diagram of the cell-cycle. I= interphase, M=mitosis, G0= gap0/quiescent phase, 
G1= gap1, G2= gap2, S= synthesis. Image from: Cooper GM (2000). Chapter 14: The Eukaryotic Cell 
Cycle. The cell: a molecular approach (2nd ed.). Washington, D.C: ASM Press. ISBN 978-0-87893-106-
4. 

 

This rationale led to early attempts to target the cell cycle in solid tumours in 

a non-specific fashion using broad CDK inhibitors like flavopiridol and 

seliciclib [5-8], but this strategy was limited by side effects in the clinic, 

leading to more specific inhibitors that concentrate in targeting important 

specific events such as the G1 to S transition through CDKs inhibition [9]. 

 
1.2 CDK4/6 inhibitors in metastatic breast cancer 
 

A deeper understanding of the cell cycle has provided the basis for the 

development and license of molecules capable of selectively inhibiting CDK4 

and 6 by competitive binding to their ATP binding pocket, namely palbociclib, 

ribociclib and abemaciclib. CDK4/6 inhibitors ultimately tackle the increased 

cell-cycle transition of tumour cells, leading to cytostasis or cell cycle arrest. 

All three drugs are currently standard of care in combination with endocrine 

therapy (ET) for metastatic ER+ve breast cancer and widely share their toxic 

profile, although lower neutropenia and higher gastrointestinal adverse event 

rates have been noted for abemaciclib [10].  

Palbociclib is a highly selective oral inhibitor of CDK4 and 6 at the nanomolar 

level, which only inhibits other CDKs (i.e., CDK1, CDK2 and CDK5) at 

https://www.ncbi.nlm.nih.gov/books/NBK9876/
https://www.ncbi.nlm.nih.gov/books/NBK9876/
https://archive.org/details/cell00geof
https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/978-0-87893-106-4
https://en.wikipedia.org/wiki/Special:BookSources/978-0-87893-106-4
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micromolar concentrations, thus providing a therapeutic window that has 

been successfully exploited. An anti-proliferative effect through G1 phase 

cell-cycle arrest was initially demonstrated in vitro, tumour xenografts and ex 

vivo analysis of human tumours [11, 12]. Large clinical trials showing survival 

benefit have been carried in ER+ve, human epidermal growth factor receptor 

2 negative (HER2-ve) metastatic breast cancer for palbociclib in combination 

with ET, whether fulvestrant or letrozole [13, 14], demonstrating better 

survival outcomes with the combination and leading to regulatory agencies 

approval for its use in both untreated and previously treated patients. 

Nowadays, a combination of a CDK4/6 inhibitor (either palbociclib, ribociclib 

or abemaciclib) plus endocrine therapy is considered the preferred first-line 

treatment for most ER+ve HER2-ve advanced breast cancer patients. 

 

1.3 PI3K pathway  
 

The phosphoinositide-3 kinase (PI3K) pathway is a canonical intracellular 

signalling mechanism commonly dysregulated in cancer which upregulation 

ultimately leads to enhanced cancer cell growth and survival. The 

phosphoinositide-3 kinases (PI3Ks) are enzymes that phosphorylate the free 

3- hydroxyl of the phosphoinositide in the cell membrane, resulting in 

downstream activation of other pathway nodes like AKT (protein kinase B) 

and mTOR (mammalian target of rapamycin). The different PI3Ks are 

commonly grouped in different classes, with class I PI3K being the most 

commonly altered in cancer, formed of a heterodimer composed by a 

regulatory (p85) and a catalytic (p110) subunit. There are multiple paralogs 

of the regulatory subunits (p85α and p85β) and the catalytic subunits (p110α, 

β, γ and δ) [15]. The vast majority of activating mutations leading to 

hyperactivation of the pathway occur in the p110α (alpha subunit) encoded 

by the gene PIK3CA, occurring in around 40% of ER+ve breast cancer [16]. 

PIK3CA gene is located in chromosome 3 and the vast majority of those 

mutations appear in hotspot regions located in the helicase domain encoded 

by exon 9 (E542K and E545K) and in the catalytic domain encoded by exon 

https://en.wikipedia.org/wiki/PIK3R1
https://en.wikipedia.org/wiki/PIK3R2
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20 (H1047L and H1047R). A complete record of somatic variants appearing 

in the COSMIC catalogue can be found in figure 2. 

 

 

Figure 2. PIK3CA protein domains and somatic variants as per COSMIC catalogue [17]. 

 

The model is negatively regulated by PTEN (phosphatase and tensin 

homolog) protein, which serves as a tumour suppressor through its 

phosphatase action dephosphorylating phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) resulting in an inhibition of AKT and hence the rest of 

the signalling cascade. PTEN loss of function has been associated with 

increased PI3K activity and sensitivity to PI3K inhibitors [18]. 

Inositol polyphosphate 4-phosphatase type II (INPP4B) is a second 

phosphatase in the PI3 kinase pathway, acting sequentially after 

dephosphorylation of phosphatidylinositol (3,4,5) triphosphate (PIP3) into 

phosphatidylinositol (3,4)-bisphosphate (PIP2) by the SH2-domain containing 

inositol phosphatases 1 and 2 (SHIP1 and 2). INPP4B then 

dephosphorylates phosphatidylinositol (3,4)-bisphosphate (PIP2) generating 

precursors phosphatidylinositol (3)-phosphate (PI3P) and 

phosphatidylinositol (4)-phosphate (PI4P). Additionally, in situations of PTEN 

deficiency INPP4B also may be involved in direct PIP3 dephosphorylation 

[19]. INPP4B loss of function has been mainly described in triple negative 

https://en.wikipedia.org/wiki/Phosphatidylinositol_(3,4,5)-trisphosphate
https://en.wikipedia.org/wiki/Phosphatidylinositol_(3,4,5)-trisphosphate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/inositol
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/phosphatidylinositol-3-4-bisphosphate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/phosphatidylinositol-3-4-bisphosphate
https://en.wikipedia.org/wiki/Phosphatidylinositol_(3,4,5)-trisphosphate
https://en.wikipedia.org/wiki/Phosphatidylinositol_(3,4,5)-trisphosphate
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breast cancer (TNBC), where it can be found in up to 80% of cases [20, 21], 

being a main feature in the basal-like intrinsic subgroup [22]. Recently, in 

vivo work has demonstrated that INPP4B knockdown results in increased 

PI3K and ERK activation and increased sensitivity to PI3K and MEK 

inhibitors in TNBC [23]. Interestingly, in ER+ve breast cancer INPP4B can 

function not as a tumor-supressor, but as an oncogene through activation of 

the serum and glucocorticoid-regulated kinase 3 (SGK3) [24, 25]. A 

simplified diagram of the PI3K pathway can be found in figure 3. 

 

 

Figure 3. Simplified diagram of the PI3K-pathway [26]. 

 

1.4 PI3K inhibitors in metastatic breast cancer 
 

Clinical development of PI3K/AKT/mTOR-pathway inhibitors for breast 

cancer has evolved since the mTOR inhibitor everolimus was first approved 

in combination with exemestane [27] for pre-treated metastatic ER+/HER2-

ve breast cancer. Later, the PI3K pan-inhibitor buparlisib was tested in 

advanced breast cancer patients demonstrating a modest survival 

improvement at the expense of substantial increase in toxicity, mainly liver 

function disorders and also an increase in mood disorders like depression 
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and anxiety [28]. This led to the design of more selective PI3K inhibitors in 

order to minimize toxicity whilst improving efficacy.  

Taselisib is an oral β-sparing PI3K inhibitor that exhibits potent inhibition of 

p110α, γ and δ forms but has a 30-fold lesser inhibition of the p110β form 

and therefore was predicted to have improved efficacy in PIK3CA-mutant 

tumours (predicted to have a hyperactive p110α subunit leading to enhanced 

activity) with a more favourable toxicity profile by reducing toxicity coming 

from p110β inhibition. Taselisib was first found active in PIK3CA-mutant solid 

tumours including breast cancer patients with doses ranging from 3-16mg 

daily, with frequent dose-dependent toxicities like diarrhoea, fatigue, 

decreased appetite, hyperglycaemia, nausea and stomatitis [29]. In the 

phase 2 trial of taselisib in combination with fulvestrant for previously treated 

HR+ve/HER2-ve breast cancer patients, taselisib was given at the 6mg daily 

dose and the combination was found to be active particularly in the PIK3CA-

mutant population (confirmed response rate 38,5%, clinical benefit rate 

38.5%) without new safety issues [30]. Unfortunately, the primary analysis of 

the subsequent confirmatory phase III trial (SANDPIPER) for taselisib + 

fulvestrant combination versus placebo + fulvestrant was able to show only a 

modest 2-month improvement in PFS (7.4 vs 5.4 months respectively) albeit 

still with significant toxicity increase leading to higher rates of 

discontinuations and dose reductions in the taselisib arm [31]. There was 

also an overall increase in objective responses and clinical benefit rate in 

patients with measurable disease. Of note, the study was designed with a 

further reduction in the dose of taselisib compared with the preceding phase 

2, with taselisib given at 4mg daily dose. Following these findings, the 

combination of taselisib plus fulvestrant is no longer under clinical 

investigation given its safety profile and modest clinical benefit. 

Other drugs have been safely combined with taselisib. Recently, a phase Ib 

trial has shown preliminary activity of taselisib combined with tamoxifen in 

pre-treated ER+ve metastatic breast cancer patients [32], with an ORR of 

24%. Adverse event profile was consistent with expected class-toxicity like 

diarrhoea, mucositis and hyperglycaemia.  Also, its use in combination with 

letrozole has been explored in early breast cancer for the neoadjuvant 
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setting in the randomized phase II trial LORELEI [33]. In this study, there was 

higher objective response rates in patients receiving taselisib in combination 

with endocrine therapy vs placebo, both in all randomized patients and in 

particular in PIK3CA-mt, consistent with the benefit observed for taselisib in 

the metastatic setting. 

The most selective and clinically licensed PI3K inhibitor is alpelisib. With a 

parallel clinical development, the alpha selective PI3K inhibitor alpelisib in 

combination with fulvestrant for PIK3CA-mutant HR+ve/HER2-ve cancers  

has become a standard of care after favourable results in the confirmatory 

phase III SOLAR-1 trial [34]. PFS was 11 vs 5.7 months in the alpelisib in 

combination with fulvestrant vs placebo group, also with higher overall 

response rates. Alpelisib is now under research to better determine its most 

suitable indication in the range of available effective drugs for metastatic 

ER+ve breast cancer, with some trials being conducted after prior exposure 

to CDK4/6 inhibitors and suggesting meaningful efficacy in this context [35]. 

 

1.5 Synergy of CDK4/6 and PI3K inhibitors in pre-clinical models 
 

After confirmation of clinical activity for both CDK4/6 and PI3K inhibitors, a 

growing interest in potential combinations between both approaches 

followed. CDK4/6 inhibition was found to sensitize breast cancer cells to 

PI3K inhibition [36], and PI3K inhibition increases ER-dependence through 

increased transcriptional activity in ER+ve breast cancer cell models [37]. 

Additional work carried on in MCF7 and T47D breast cancer cell models and 

patient-derived tumour xenograft models (PDX), showed that the doublet 

combination of a CDK4/6 and a PI3K inhibitor prevents early resistance to 

CDK4/6 inhibitors, and triggered cell apoptosis in addition to the classical 

cytostatic effect often seen with CDK4/6 alone  [38]. This synergy was 

particularly effective in ER+ve cells harbouring mutations in the PI3K 

pathway. In addition, it was shown that the triplet combination of palbociclib, 

pictilisib (a pan-PI3K inhibitor) and fulvestrant ablates growth in clonogenic 

assays to a greater extent than doublet combinations, with decreased 

expression levels of phospho-Rb, cyclin D1, cyclin E2, active CDK2, and 
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increase on PARP cleavage as a marker of cell apoptosis. These findings 

offered a potential new strategy for ER+ve breast cancer treatment to test 

and prompted the rationale for the main hypothesis of this project, which is 

the expected synergy of palbociclib and a PI3K inhibitor in particular for 

PIK3CA-mt ER+ve/HER2-ve breast cancer. 

Moreover, in vitro experiments showed that PI3K inhibition decreases post-

mitotic CDK2 activity in PIK3CA-mutant triple-negative breast cancer (TNBC) 

leading to potential sensitization to CDK4/6 inhibitors [39]. These findings 

suggest a rationale for testing the doublet combination of a CDK4/6 and a 

PI3K inhibitor in TNBC, a subset of breast cancer characterized by poor 

outcome and limited treatment options currently available. Lehmann et al., 

using gene expression classifiers, identified distinctive intrinsic TNBC 

subtypes that has enabled better understanding of the wide variety of 

biological subtypes within TNBC. These are composed of a basal-like 1 and 

2 subtypes  (BL1 and BL2), mesenchymal subtype (M), a mesenchymal 

stem-like (MSL) subtype that has overlap with claudin-low subtypes, a TNBC 

luminal androgen receptor (LAR) subtype which resembles genomically 

ER+ve (luminal) breast cancer, and a further immunomodulatory (IM) 

subtype that reflects tumours with high lymphocytic infiltration [40]. The LAR 

subtype has already been shown to be sensitive to different endocrine-

deprivation therapy. A phase II clinical trial exploring enzalutamide (an AR 

inhibitor) in this population showed clinical activity [41], so did the parallel 

phase II trial for abiraterone acetate (CYP17 inhibitor) plus prednisone [42]. 

Palbociclib has shown activity both in vitro and in vivo experiments also 

conducted in this population  [39], and thus TNBC LAR breast cancer 

patients (or AR-expressing as a surrogate) may have increased sensitivity to 

a combination of CDK4/6 and PI3K inhibitors, providing rationale for also 

exploring this combination in PIK3CA-mt ER-ve breast cancer patients. Of 

note, other combination strategies involving palbociclib combinations in AR 

positive TNBC also warrant further clinical research, as illustrated by the in 

vitro activity shown for the combination of palbociclib and enzalutamide [43]. 
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There is also additional evidence in other solid tumour types for combined 

CDK4/6 and PI3K inhibition [44, 45], also providing rationale for clinical 

testing the combination in well-designed clinical trials for solid tumours with 

pathway activation. 

 

1.6 Circulating tumour DNA 
 

Circulating tumour DNA (ctDNA) is the fraction of DNA fragments shed into 

physiological fluids (e.g., circulation) by tumour cells and can be found within 

the plasma cell-free DNA (cfDNA) fraction of the blood. cfDNA is found highly 

fragmented in the circulation as a result of enzymatic processing of DNA 

fragments associated with nucleosomes, with  an average size around 166 

base pairs (bp), representing 146bp of a nucleosome plus 2x10 bp from H1 

linkers, characteristic of apoptotic cell death [46], although high-molecular-

weight DNA fragments larger than 10,000bp coming from necrosis can also 

be found. However, cfDNA is composed largely by non-tumour-derived DNA 

resulting from tissue cell turnover, cell injury, and hematopoietic cells, being 

the latter the main source of cfDNA [47]. The proportion of ctDNA in the 

whole cfDNA is often referred as tumour purity. Improvements in DNA 

sequencing technology has led to refined resolution of cfDNA fragments and 

demonstrated that selecting fragments 90-150bp in cancer patient circulation 

improves detection of ctDNA [48], allowing for more effective sequencing. 

ctDNA has been found to often contain tumour-specific somatic mutations 

and additionally it has a quick turnover in circulation with a short half-life 

ranging from minutes to few hours [49], making its interrogation an excellent 

candidate tool for the assessment of tumour dynamics [50]. This is often 

referred to as a “liquid biopsy” and represents an alternative to classic 

tumour biopsies, as it can avoid invasive procedures, partially avoids 

inevitable heterogeneity, and allows prospective serial sampling during 

treatment [51-53].  

ctDNA can be detected with a number of different methodologies ranging 

from whole-genome sequencing to digital polymerase chain reaction (dPCR), 
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the former being capable of interrogating the entire genome for previously 

unknown aberrations, and the latter being highly sensitive and capable of 

detecting allele fractions down to 0.01%, although at a narrower level 

requiring prior knowledge of mutations to be identified. ctDNA can be 

therefore used for tumour genomic profiling and tailoring of targeted 

therapies, as it has already been demonstrated in the plasmaMATCH trial 

[54]. ctDNA has also been used for the detection of minimal residual disease 

(MRD) after breast cancer surgery that can anticipate clinic relapse by 

months [53, 55]. Moreover, early dynamics measured as a ratio between 

both mutant copies/ml and allele frequency from different early timepoints 

during therapy has been found to predict efficacy in patients treated both with 

palbociclib [56] and the AKT inhibitor capivasertib [57]. This represents a 

novel early on-treatment, non-invasive tool for assessing response to 

targeted therapies, with the potential to be introduced in future clinical trial 

design [58]. 

An important limitation for plasma ctDNA analysis is differentiating the 

germline DNA fraction coming from white-blood cells from the actual ctDNA 

coming from tumour cells. Germline DNA can display mutations that do not 

represent true tumour biology and thus potential for targeting. This can be 

partially addressed in the pre-analytical phase by using preservative tubes 

for the collection of blood samples that minimize degradation of cfDNA by 

DNAses and stabilize white blood cells preventing lysis [59], and during the 

analysis by sequencing paired tumour-normal (plasma-buffy coat in the case 

of blood samples) to detract variants found in the normal sample from the 

final analysis. Also, hematopoietic cells are the source of clonal 

hematopoiesis, somatic mutations developing with age that can lead to 

clonal expansion in the absence of dysplasia, which act as a confounding 

factor when analyzing true tumour-driver somatic mutations [60]. 
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1.7 Current knowledge of biomarkers of sensitivity and resistance for 
CDK4/6 inhibition  
 

Although the inclusion of CDK4/6 inhibitors into the breast cancer treatment 

armamentarium has been a major step forward, our knowledge of which 

patients may derive greater benefit from these drugs or may on the other 

hand be intrinsically resistant or develop early resistance is very limited. 

Cyclin D1 overexpression has long been proposed as a possible biomarker 

of sensitivity to CDK4/6 inhibition as it binds to CDK4 and 6 to promote RB 

phosphorylation, which releases E2F, and leads to cyclin E-CDK2 activation 

and commitment to S-phase entry. Prior work found discordant evidence on 

its implication in breast cancer prognosis with both favourable OS and 

shorter DFS reported [61, 62]. Previous work suggests that early resistance 

to CDK4/6 inhibitors may be achieved by accumulation of cyclin D1 that elicit 

entry into S-phase through CDK2 activation. Cyclin D1 was found to be 

downregulated by the addition of a PI3K inhibitor [38]. 

The same study found cyclin E1 amplification as a potential acquired 

resistance-mechanism in breast cancer cells treated with palbociclib for a 

long period [38]. Recently, tumour tissue analysis in patients enrolled in the 

PALOMA-3 trial, the confirmatory phase 3 clinical trial comparing the 

combination of palbociclib plus fulvestrant versus placebo plus fulvestrant in 

pre-treated patients with metastatic ER+ve/HER2-ve breast cancer, 

demonstrated high levels of cyclin E mRNA measured via EdgeSeq 

Oncology BM Panel (HTG Molecular Diagnostics) confer lower efficacy on 

palbociclib [63], supporting previous pre-clinical findings. 

Loss of RB1 tumour-suppression function has long been proposed as a 

plausible acquired mechanism of resistance arising under CDK4/6, which 

allows overpassing CDK4/6 dependence to activate the family of 

transcription factors E2F [64-67]. Recent work using paired plasma ctDNA 

sequencing demonstrated emerging of RB1 mutations in patients treated 

with a combination of palbociclib and fulvestrant, although at a very low rate 

suggesting this mechanism of resistance is rather uncommon [68]. 
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Loss of FAT1 tumour-suppressor function and increased CDK6 expression 

via Hippo pathway have also been recently found to confer resistance to 

CDK4/6 inhibitors [69], with a study of 348 patients with ER+ve/HER2-ve 

breast cancer previously treated with CDK4/6 inhibitors sequenced at the 

Memorial Sloan-Kettering Cancer Center showing that those with FAT1 

truncating mutations had significantly lower PFS compared to non-mutants 

(2.4 vs 10.1m, respectively). However, there is still a need to further confirm 

and validate these observations clinically. 

Mutations arising in the ligand-binding domain of ESR1, the gene encoding 

for the oestrogen receptor have been found to confer resistance to AI in 

breast cancer [70, 71]. These mutations can be detected in plasma and 

could be potentially targeted by the ER degrader fulvestrant [72]. Paired 

ctDNA sequencing in PALOMA-3 patients has shown that new ESR1 

mutations can be acquired through treatment, particularly ESR1 Y537S, 

although this seems to be independent of CDK4/6 treatment and rather a 

result of long-term fulvestrant exposure  [68]. These mutations tend to be 

polyclonal and are often found subclonally in the cancer. 

As described previously, high levels of androgen receptor (AR) had long 

been proposed as a plausible biomarker of sensitivity to androgen 

deprivation for TNBC LAR subtype, as illustrated by the clinical efficacy 

found for both enzalutamide [41] and abiraterone [42]. Similarly, AR 

expression could also be used as a biomarker of sensitivity to palbociclib 

combinations.  

 

1.8 Current knowledge on biomarkers of sensitivity and resistance for 
PI3K inhibition 
 

The vast majority of PI3K activating mutations occur in the p110α (alpha 

subunit encoded by PIK3CA) [73, 74] overall mutated in up to 40% of ER+ 

breast cancer [75, 76] representing the single most common event in breast 

cancer. In addition, it is mutated in 9% of primary TNBC, being the second 

most frequent mutated gene after TP53 [75, 77]. The majority of the 
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mutations occurring in this gene are located in four specific hotspots on exon 

9 (E545K and E542K, helical domain) and 20 (H1047R and H1047L, kinase 

domain). 

Preclinical work showed that the presence of an activating mutation in 

PIK3CA in cancer cells conferred improved sensitivity to both α-selective and 

β-sparing PI3K inhibitors, and clinical trials have already confirmed this 

finding [78, 79]. 

Deletions in the C2 domain of the PIK3CA gene have also been found to be 

a biomarker of enhanced dependence on the pathway and therefore possible 

markers of sensitivity to PI3K inhibition [80]. 

PTEN is a tumour suppressor gene that has been long demonstrated to 

negatively regulate the PI3K pathway [81] and its loss of function increases 

the cell dependence on p110β isoform rather than p110α [82], therefore it 

has been suggested as a potential mechanism of resistance to α-selective 

PI3K inhibitors. This has been further confirmed in breast cancer patients 

with an interesting study where the authors performed a genetic profiling on 

an index patient harbouring a PIK3CA mutation treated with an α-selective 

PI3K inhibitor [18]. Metastatic lesions upon progression on this drug clearly 

revealed loss of a PTEN copy with additional PTEN genomic alterations 

leading to PTEN loss of expression and suggesting this as a mechanism of 

resistance to α-selective PI3K inhibition. Strikingly, functional work carried on 

PTEN-null cell lines found that p110β blockade reverted this resistance 

phenotype, suggesting a potential strategy to revert this resistance.                                                    

The AKT family of three different isoforms (AKT1, AKT2 and AKT3) forms a 

node downstream of PI3K [83]. AKT1 mutations are found in multiple tumour 

types including breast cancer, with around 2.5% breast cancer having a 

mutation resulting in a single amino acid substitution E17K first described by 

Carpten et al [84], showing that AKT1 E17K mutations increase AKT1 

binding to the PIP3 ligand, accelerating transfer of AKT from cytoplasm to 

cell membrane, where further phosphorylation enhances the PI3K signalling 

pathway. Mutations arising in AKT1 could represent a potential biomarker for 

selecting PI3K/AKT inhibition therapies. 
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mTOR is a serine-threonine kinase that can form two complexes mTORC1 

and mTORC2, defined by binding to RAPTOR and RICTOR, respectively, 

which are activated both downstream of AKT (mTORC1) and phosphorylate 

AKT (mTORC2). Mutations in MTOR gene are rare and only found in 1.8% 

cases in TCGA primary breast cancer, with only a small minority recognised 

as putative drivers. Although infrequent, these mutations might represent a 

resistance mechanism, as it would overpass any possible inhibition of PI3K 

by downstream hyperactivation. 

Moreover, there is intense crosstalk between the PI3K and the 

RAS/RAF/MAPK pathway, with RAS activation being a predictor of 

resistance to PI3K inhibitor [85]. 

 

1.9 Aims of the present study 
 

The present study goal was to assess safety for the combination of the 

CDK4/6 inhibitor palbociclib and the β-sparing PI3K inhibitor taselisib with or 

without addition of endocrine therapy (fulvestrant as the main companion to 

explore in a triplet combination or letrozole as part of a small cohort to 

explore an alternative endocrine therapy potentially showing differences in 

the toxicity profile) and expand on exploratory efficacy in different cohorts 

mainly focusing in PIK3CA-mutant ER+ve HER2-ve advanced breast cancer 

patients treated with the triplet of palbociclib, taselisib and fulvestrant. Also, 

to enrich understanding of the metabolism and efficacy of the combination 

schedule, the study includes pharmacokinetic (PK) and pharmacodynamic 

(PD) assessments carried on as part of the initial clinical trial design. 

Biological samples provided by the patients enrolled in the trial are further 

used to build on translational research by providing knowledge of potential 

baseline and longitudinal biomarkers of sensitivity and resistance to the 

combination tested in both tissue and plasma ctDNA. 
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Chapter 2. Patients and methods 
 

2.1 PIPA clinical trial design and patients  
 

A total of 78 patients were enrolled in the PIPA trial (NCT02389842), an 

open-label non-randomized multi-centre phase Ib clinical trial sponsored by 

the Royal Marsden NHS Foundation Trust & The Institute of Cancer 

Research (London, UK) assessing safety of palbociclib and taselisib 

combination with or without fulvestrant or letrozole. The study was conducted 

across different breast units in the UK: The Royal Marsden Hospital NHS 

Foundation Trust (both at Chelsea and London sites), The Christie NHS 

Foundation Trust (Manchester) and The Beatson Cancer Centre (Glasgow). 

Primary objectives were to propose a recommended phase 2 dose (RP2D) 

by establishing the maximum tolerated doses (MTD) for palbociclib with 

taselisib, to assess toxicity profile for the combination with or without 

fulvestrant or letrozole and to obtain preliminary efficacy of the triplet 

palbociclib, taselisib and fulvestrant in the cohort of PIK3CA-mutant ER+ve 

HER2-ve advanced breast cancer patients. Secondary objectives were to 

determine pharmacokinetics (PK) of the investigational drugs in different 

combination regimes. Tertiary objectives included exploratory efficacy in 

other cohorts of patients (palbociclib and taselisib in advanced solid tumours, 

palbociclib and taselisib in ER-ve breast cancer with a representation of both 

HER2+ve and TNBC, and palbociclib, taselisib and letrozole combination in 

ER+ve HER2-ve breast cancer patients), pharmacodynamics (PD) 

characterization in tumour biopsies and platelet-rich plasma and exploring 

mechanisms of sensitivity and resistance by sequencing of tumour tissue 

and circulating tumour DNA (ctDNA) samples.  

Twenty patients with pre-treated advanced solid tumours enriched with PI3-

kinase activating mutations were included in part A (escalation phase) and 

treated at different dose levels following a 3+3 dose escalation design. 

Following patients were included in part B (expansion phase) allocated in 

different cohorts. Part B1 enrolled patients with PIK3CA-mutant, ER+ve 
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HER2-ve advanced breast cancer that had received at least one prior line of 

endocrine therapy and originally allowing up to two lines of chemotherapy 

(the protocol was amended to allow any number of prior chemotherapy). 

They were treated with the RP2D for the doublet combination established in 

part A (escalation) plus fulvestrant at the standard dose of two intramuscular 

injections of 250mg every cycle of 28 days plus additional dose given in the 

first cycle 14 days after the first dose. Part B2 enrolled patients with PIK3CA-

mutant, ER-ve (whether HER2+ve or–ve) advanced breast cancer or any 

advanced solid tumour with mutations leading to a hyperactivated PI3K-AKT 

pathway or other relevant genetic aberrations (ER+ve breast cancer patients 

could also be included in this solid tumours subcohort) and treated with the 

RP2D for the doublet of palbocicib and taselisib only. ER-ve HER2+ve breast 

cancer patients had a minimum of 2 prior anti-HER2 therapy (or one prior 

therapy where no further HER2 directed therapy was available locally) and 

triple negative breast cancer and solid tumour patients a minimum of 1 prior 

chemotherapy. Part B3 was a small cohort which enrolled ER+ve HER2-ve 

advanced breast cancer patients without regard for PIK3CA status, with a 

minimum of one prior line of endocrine therapy and up to two lines of 

chemotherapy. These patients were treated with the RP2D for the doublet 

plus letrozole at the standard dose of 2.5mg daily, with a view to explore 

potential differences in the adverse event profile that could be determined by 

using a different endocrine therapy as part of a triplet combination.  

Women enrolled into parts B1 and B3 had to be post-menopausal or pre-

/peri-menopausal if they had ovarian suppression with the LHRH agonist 

goserelin. Prior exposure to fulvestrant and/or everolimus was allowed, but 

prior treatment with a CDK4/6 inhibitor was not. PIK3CA mutations must had 

been documented by an accredited laboratory in archival tumour samples, 

fresh tumour samples or ctDNA extracted from plasma or serum. Patients in 

parts A, B2 and B3 had to have measurable disease as assessed by 

RECIST 1.1 or evaluable disease and for patients in part B1 measurable 

disease was mandatory. 
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2.2 Dose modifications 
 

In the event of a significant toxicity that was considered drug-related to either 

palbociclib or taselisib the dosing could be interrupted within a cycle or there 

could be a delay in the start of the next cycle of treatment.  A significant 

toxicity was defined as grade ≥3 toxicity or grade 2 toxicity lasting >3 weeks 

despite appropriate supportive treatment, with the exception of 

uncomplicated grade 3 neutropenia for taselisib interruptions. If toxicity 

persisted despite these measurements, then dose reductions for either 

palbociclib or taselisib were permitted depending on their respective starting 

dose (dose levels further discussed in section 3.2) and following a pre-

specified schedule. 

For palbociclib and taselisib, dose reductions that were permitted are 

described in table 1 below: 

Palbociclib starting dose Reduced dose 
125mg/d (21/7) 100mg/d (21/7) 

100mg/d (21/7) 75mg/d (21/7) 

75mg/d  (21/7) 75mg/d (14/14)* 

*Palbociclib dose de-escalation 

below 75 mg/d was not allowed, but 

the schedule was allowed to be 

changed to 75mg/day 14-days-on 

and 14-days-off (14/14d). 

Taselisib starting dose Reduced dose 
4mg/d (21/7) 2mg/d (21/7) 

2mg/d (28/28) 2mg/d (21/7) 

2mg/d (21/7) 2mg/d every other day (21/7) 
 Table 1. Dose reduction schedule for palbociclib and taselisib depending on starting dose. 

 

Dose reductions for fulvestrant in part B1 or letrozole in part B3 were not 

allowed. 
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2.3 Safety analysis plan 
 

Adverse events (AEs) and serious adverse events (SAEs) were collected for 

all enrolled patients and monitored according to CTCAE v4.0 definitions 

commencing from the time patient gave written consent to participate up to 

28 days after the last administration of any of the drugs in the trial. AEs 

considered of special interest were drug-induced liver injury and pneumonitis 

of any grade. Event causality for any AE was determined as highly probable, 

probable, possible, unlikely, and not related with the investigational medicinal 

product. Follow-up of AEs with a drug-related causality of possible, probable, 

or highly probable continued until the events resolve, stabilised or the patient 

started another anti-cancer therapy.  

 

2.4 Pharmacokinetic analysis 
 

PK analyses were performed in part A, B1 and B2. For PK samples in part A, 

two whole blood samples of 4ml and 6ml (i.e., 10ml in total) were collected. 

Collection of blood sample for PK analysis in part A was on Cycle 1 Day 1 

(pre-dose and post dose at 2 and 4 hours), Cycle 1 Day 8 (pre-dose), Cycle 

1 Day 15 (pre-dose and post dose at 2, 4, 6, 8 and 24 hours) and Cycle 2 

Day 15 (pre-dose and post dose at 2 hours). For Part B1 three blood 

samples of 4 mL, 6 mL and 6 mL (i.e., 16 mL in total) were collected and for 

part B2 two blood samples of 4 mL and 6 mL (i.e. 10 mL in total). These 

were taken on Cycle 1 Day 15 (pre-dose and post dose 4 hours) and Cycle 2 

Day 15 (pre-dose and post dose 4 hours). No PK analysis was required for 

part B3.  

Whole blood samples were collected in 4mL BD (lavender top) Vacutainer® 

tubes containing K2EDTA as anti-coagulant for the analysis of Palbociclib 

and in 6mL BD (lavender top) Vacutainer® tubes containing K2EDTA as anti-

coagulant for the analysis of taselisib and for the analysis of fulvestrant in 

part B1.  
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Blood samples had to be immediately placed into an ice bath so that they 

were kept at 2 - 8°C during harvesting. Within 30 minutes of blood collection 

samples were centrifuged at 2000 x g for 15 minutes preferentially in a 

refrigerated centrifuge present at approximately 2 - 8°C.  

  

For the taselisib PK samples, from the 6mL blood collection tubes roughly 

equal volumes of plasma supernatant were transferred into 1.8 mL NUNC™ 

polypropylene storage tubes labelled “Taselisib PK Plasma Aliquot 1” 

(primary) and “Taselisib PK Plasma Aliquot 2” (back-up). For the palbociclib 

PK samples, from the 4 mL blood collection tubes the supernatant was 

transferred into a 4 mL polypropylene cryovial labelled “Palbociclib PK 

Plasma Aliquot 3”. For the fulvestrant PK samples in Part B1, from the 6mL 

blood collection tubes roughly equal volumes of plasma supernatant were 

transferred into 1.8 mL NUNC™ polypropylene storage tubes labelled 

“Fulvestrant PK Plasma Aliquot 1” (primary) and “Fulvestrant PK Plasma 

Aliquot 2.   

Plasma samples for PK analysis were all stored at -70°C in an upright 

position within 30 minutes of plasma preparation and were kept frozen at this 

temperature until and during shipment to Covance Bioanalytical 

Laboratories, where they were analysed. If a -70°C freezer was not available, 

then samples could be stored at -20°C for up to one week. PK analyses were 

performed with fully validated analytic methods and pharmacokinetic 

parameters were derived from non-compartmental analysis using the 

Phoenix® platform. PK findings were audited before final report was made 

available. 

In part A, plasma concentrations for palbociclib and taselisib were listed and 

summarized by nominal time point, and dose level. PK parameters such as 

the maximum observed plasma concentration (Cmax), time to reach Cmax 

(Tmax), the area under the plasma concentration time curve, and the 

minimum observed plasma concentration (Cmin) were estimated for 

palbociclib and taselisib as appropriate, by dose level. For part B, plasma 

concentrations for palbociclib, taselisib and fulvestrant (part B1) were listed 
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and summarized by nominal time point, dose level and sub-cohort (B1 or 

B2). 

 

2.5 Pharmacodynamic analysis 
 

Collection of platelet-rich plasma (PRP) for PD analysis was taken for part A 

on Cycle 1 Day 1 (pre-dose and post dose at 4 hours), Cycle 1 Day 8 (pre-

dose), Cycle 1 Day 15 (post-dose at 6 and 8 hours), Cycle 2 Day 15 (post-

dose 2 hours). In part B, PD analyses were performed only in patients 

consenting to an optional tumour biopsy, and samples were taken on Cycle 1 

Day 1 (pre-dose), Cycle 1 Day 15 (post-dose at 4 hours), Cycle 2 Day 15 

(post-dose at 4 hours).  

Blood samples for PRP-derived PD analysis used colour-coded reagents 

provided by the ICR (red, blue, and green-labelled). The bench top centrifuge 

was pre-chilled to 4°C and reagents were thawed prior to use. Blood 

samples were collected into three different 2.7 mL BD Vacutainer Sodium 

Citrate coagulation tubes and labelled with required information. Each tube 

was immediately stored at 4°C for transportation from the patient's bedside 

to the laboratory for further processing. The three blood tubes were 

centrifuged at 200g at 4°C for 15 minutes.  Following this process, the blood 

separates into 2 distinct layers: an upper PRP layer and a lower red blood 

cell layer. The isolated PRP layer was incubated with PhosSTOP (Roche) to 

stabilize the phosphorylation signals and then lysed using Cell Lysis Buffer 

(Cell Signaling Technology) containing Phenylmethane sulfonyl fluoride 

(Sigma-Aldrich). Immediately at the end of processing the PRP samples were 

snap frozen on dry ice and stored at -80°C prior to transportation to the 

Clinical PD Biomarker Group at The Institute of Cancer Research for 

analyses. 

PD analysis used pSer473 & total AKT and pSer9 & total GSK3β counts, and 

was performed in platelet-rich plasma (PRP) taken in part A on Cycle 1 Day 

1 (pre-dose and 4 hours post dose), Cycle 1 Day 8 (pre-dose), Cycle 1 Day 

15 (6 and 8 hours post-dose) and Cycle 2 Day 15 (2 hours post-dose), as 
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previously reported [86]. Ratios of phosphorylated biomarker as percentage 

of C1D1 pre-dose normalised to total biomarker as percentage of C1D1 pre-

dose and platelet counts were performed.  

Meso Scale Discovery (MSD®) provides a multiplex 96 well plate to assess 

the phosphorylation status of AKT, GSK3β and p70S6K [87]. The samples, 

followed by a solution containing the MSD SULFO-TAGTM labelled detection 

antibodies for AKT, GSK3β and p70S6K were added to the plate. Finally, 

MSD Read Buffer was added, which provided the appropriate chemical 

environment for electrochemiluminescence (ECL) to occur. The plate was 

then analysed on the MSD SECTORTM Imager 6000. Inside the SECTOR 

Imager, a voltage applied to the plate electrodes caused the labels bound to 

the electrode surface to emit light. The instrument measured the intensity of 

the emitted light to afford a measure of the amount of phosphorylated 

proteins present in the sample. A separate multiplex 96 well plate to measure 

total AKT, GSK3β and p70S6K proteins was run simultaneously. Of note, no 

p70S6K data was formally analysed as the levels of this marker are usually 

close to the assay lower limit of detection when done in PRP samples. The 

assay was modified into a GCP compliant quantitative assay for AKT by the 

Clinical PD Biomarker Group by the inclusion of a standard curve of 

recombinant active AKT protein on every plate. The quality, accuracy and 

precision of the assays were monitored using quality control (QC) samples 

created by spiking three known quantities of recombinant AKT into 10% 

human plasma. 

 

The raw data ECL counts were normalised to platelet count to take into 

account any drug effect on platelet number, by dividing the ECL counts by 

the platelet count for each time point. Using these platelet normalised values, 

the percentage change for phosphorylated biomarker was calculated for 

each subject by comparing the levels (Platelet count normalised ECL counts) 

measured at each post-dose time point to pre-dose levels measured on Day 

1. The percentage change for total biomarker was calculated for each 

subject by comparing the levels (Platelet count normalised ECL counts) 

measured at each post-dose time point to pre-dose levels measured on Day 
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1. Since the amount of a particular phosphorylated biomarker is a subset of 

the amount of the same total biomarker, the phosphorylated biomarker levels 

were normalised to the quantity of total biomarker by calculating the ratio of 

percentage change in the level of phosphorylated biomarker at a given post-

dose time point compared to the pre-dose levels / percentage change in the 

level of total biomarker at the same post-dose time point. This data was used 

to evaluate the extent and duration of PD modulation of phosphorylated 

biomarker.  

The following example summarizes these calculations using a hypothetical 

AKT analysis: 

pSer473 AKT  Raw data:  Total AKT  Raw data: 
C1D1Pre   535  C1D1  Pre 3001   ECL counts 

C1D1 4h   547  C1D1 4h 2793   ECL counts 

 

Platelet count   
C1D1 Pre   145 

 

• Platelet normalised raw data = C1D1 Pre raw data / C1D1 Platelet 

count:  

pSer473 AKT C1D1 Pre = 535 / 145 = 3.69  

pSer473 AKT C1D1 4h = 547 / 145 = 3.77 

Total AKT C1D1 Pre = 3001 / 145  = 20.70 

Total AKT C1D1 4h = 2793 / 145 = 19.26 

 

• Percentage change for pSer473 AKT = (C1D1 4h / C1D1 Pre) *100 = 

(3.77 / 3.69) *100 = 102% 

 

• Percentage change for total AKT = (C0D12h /C0D1 Pre) *100 = 

(19.26/ 20.70)*100 = 93% 

 



41 
 

• Phospho: Total Ratio (at C1D1 4h post-dose) = Percentage change 

for pSer473 AKT at 4h / Percentage change for total AKT at 4h = 

102/93 = 1.10 

 

Optional snap frozen tumour tissue samples for PD were analysed for 

phosphorylated and total Rb on C1D1 (pre-dose/baseline), C1D15 (pre-

dose) and on disease progression, using ICR validated assays on the Meso 

Scale Discovery (MSD) technology platform.  

Flash frozen tumour biopsies were homogenized using a micro tissue grinder 

in a CHAPS based lysis buffer containing protease and phosphatase 

inhibitors (Clinical PD Biomarker Group proprietary recipe). The tumour 

lysates were centrifuged to remove debris and the protein concentration 

measured using the BCA assay (Pierce). All lysates were snap frozen and   

stored at -80°C until analysis.  

 

Meso Scale Discovery (MSD®) provides two separate 96 well plates, one that 

has been pre-coated with the capture antibody for phospho (Ser780) Rb and 

one pre-coated with total Rb antibody. The samples, followed by a solution 

containing the MSD SULFO-TAGTM labelled anti-total Rb detection antibody 

were added to the plate and the levels of pSer780 and total Rb measured as 

ECL counts by the process described for the AKT assay above. The assay 

was modified into a GCP compliant assay by the Clinical PD Biomarker 

Group by inclusion of a standard curve of MDA-MB-231 cell lysate on every 

plate. The quality, accuracy and precision of the assays were monitored 

using quality control (QC) samples created from MCF-7 cell lysates. The raw 

data was used to calculate the percentage change for pSer780 Rb and total 

Rb and the phospho total ratio as described for the AKT analysis. 

 

2.6 Efficacy analysis 
 

All patients had a baseline radiological assessment with a computer 

tomography (CT) scan of thorax, abdomen and pelvis or a magnetic 

resonance imaging (MRI) scan of abdomen and pelvis plus a chest CT scan. 
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This baseline imaging had to be performed a maximum of four weeks before 

receiving the first dose and the interval between the last anti-cancer therapy 

and measurements in this baseline imaging must have been at least four 

weeks apart. Radiological assessment had to be repeated every 2 cycles/8 

weeks of treatment. After 6 cycles, the frequency of imaging could be 

reduced to every 3 cycles/12 weeks of treatment at the investigator’s 

discretion. 

Disease was measured according to the radiological standards defined in 

RECIST (response evaluation criteria in solid tumours) version 1.1 [88]. The 

same methods used to detect evaluable lesions at baseline were used to 

follow lesions throughout the trial. All lesions measured at baseline must 

have been measured at every subsequent disease assessment and 

recorded clearly on the scan reports. All non-measurable lesions noted at 

baseline must have been noted on the scan report as present or absent. 

Objective responses as defined by RECIST version 1.1, overall response 

rates, progression-free survival (PFS) and duration of response data was 

analysed. All complete responses (CR) or partial responses (PR) were 

confirmed by two consecutive observations not less than four weeks apart. 

Objective response rate (ORR) was defined as CR or PR among subjects 

with measurable disease. Clinical benefit rate (CBR) was defined as CR, PR, 

or stable disease (SD) for at least 24 weeks for subjects with measurable 

disease and as freedom from new lesions or unequivocal progression for at 

least 24 weeks among subjects with bone metastases only. Best tumour 

response achieved by each patient while on trial (defined as the best 

percentage change in the sum of longest dimensions of target lesions) was 

also recorded and will be presented as a waterfall plot. 

 

2.7 Translational cohort patients 
 

In order to make biomarker analysis derived from study consistent with 

dosage homogeneity and enriched for breast cancer, a cohort of 62 patients 

was used for the translational work of this project. This cohort was composed 
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by all 58 patients enrolled in expansion parts B1, B2 and B3 plus the 4 breast 

cancer patients included in the escalation phase of the study. Patients 

enrolled in the expansion phase were all treated with the recommended 

phase 2 dose (RPD2) of 2mg taselisib PO QD plus 125mg palbociclib PO 

QD on a three weeks on/1 week off schedule. Out of the 4 breast patients 

enrolled in the escalation phase 3 of them were also assigned to the same 

2mg PO QD continuous taselisib plus 125mg palbociclib PO QD on a three 

weeks on/1 week off schedule and 1 assigned to the 2mg taselisib PO QD 

three weeks on/1 week off plus 125mg palbociclib PO QD also three weeks 

on/1 week off.  

 

2.8 Samples for translational biomarker research 
 

All patients enrolled were requested to provide a mandatory archival 

formalin-fixed paraffin-embedded (FFPE) sample from either primary or 

metastatic location. Patients were also offered optional cycle 1 day (C1D1), 

cycle 1 day 15 (C1D15) and on progression fresh frozen tissue biopsies. 

Whole blood samples were taken before each cycle of treatment (on average 

28 days apart) from C1D1 to end of treatment (EOT).  

The plan was to use baseline FFPE samples to perform whole-genome 

sequencing, immunohistochemistry, and fluorescence in situ (FISH) analysis 

to explore potential prognostic and predictive baseline biomarkers that could 

influence the combination therapy efficacy. PRP and fresh frozen tissue 

samples were used to explore PD analysis of interest. Prospectively 

collected plasma samples were used to expand on the utility of ctDNA 

tracking and sequencing as a potential non-invasive tool to predict treatment 

efficacy and explore potential mechanisms of resistance to the combination 

drugs. 

A schematic representation of every sample and timepoint used for PK, PD 

and biomarker analysis can be found in figure 4. 
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Figure 4. Study overview and samples for translational research. ulWGS= ultra-low whole genome 
sequencing, IHC= immunohistochemistry, FISH= fluorescence in situ hybridization, PK= 
pharmacokinetics, PD= pharmacodynamics, ctDNA= circulating tumour DNA [89]. 

 

2.9 FFPE biopsies processing 
 

Scanning FFPE biopsies slides with the Hamamatzu Nanozoomer and 
uploading onto PathXL 
 

A first slide generated from every archival FFPE block was haematoxylin and 

eosin (H&E) stained by the Breast Cancer Now histopathological core 

facilities and then scanned using the Hamamatzu Nanozoomer-XR digital 

slide scanner at 40X magnification with manual focus-points setup. Images 

generated were uploaded onto PathXL Xplore, an image management 

system.  

 

Independent external pathology review 
 
The folder with the scans was shared with an external expert pathologist for 

independent review. Marking of the invasive areas and tumoural content 

assessment (as an estimated percentage of the tumour content in the 

respective invasive area) was performed for every scan and scored from 0 to 

100%. Genomic content extraction was later on performed using only 

microdissection (refer to DNA and RNA extraction for genomic interrogation 

section) of areas marked as invasive content by this expert pathologist, to 

minimize contamination of material coming from areas where no invasive 
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tumoural cells were detected. Scans shown to have no tumour content at all 

were discarded for further analyses. 

 

Cyclin D1, cyclin E1 and androgen receptor (AR) expression assessment 
 

Cyclin D1 immunohistochemistry (IHC) staining used specific rabbit 

monoclonal antibody SP4 clone, performed alongside negative controls and 

pre-validated positive controls. Only nuclear staining was considered, and all 

invasive tumour cells were assessed. Samples with poor fixation, 

preservation, or other causes for which a score could not be obtained like 

unreliable estimation of invasive nuclei were reported as ‘NA’ (not 

assessable). Scoring was reported both as estimated percentage of invasive 

nuclei stained and intensity scores. H-score was calculated for cyclin D1 by 

multiplying the percentage of tumour cells stained (0-100) by the intensity 

grading score (0-3), resulting in a value ranging from 0 to 300.  

Cyclin D1 fluorescence in situ hybridization (FISH) staining and scoring as 

counted ratio of CCND1/CEP11 was performed in all samples available. This 

analysis was performed alongside positive controls tested in MCF7 cells 

assessed for the presence of positive CCND1 (red probe) and CEP11 (green 

probe) signals in the nuclei, prior to scoring of the study specimens. 

Acceptance criteria was qualitative, and the positive control was classified as 

accepted or non-accepted based on the presence or absence of CCND1 and 

CEP11 signals: accepted if there was presence of both CCND1 and CEP11 

signals in the majority of the nuclei and non-accepted if absence of either 

CCND1 or CEP11 signals in the majority of nuclei. In the study samples, 20 

representative nuclei were scored, with exclusion of any nuclei where there 

was only signal present from one of the probes, either only CCND1 (red) or 

only CEP11 (green). Any nuclei that overlapped and overlaid their 

neighbours was not counted. If the ratio was <2.0, CNND1 gene amplification 

was not called and if the ratio was ≥2.0, CCND1 gene amplification was 

reported. 

Cyclin E1 IHC staining used specific mouse monoclonal antibody HE12 with 

controls and scoring was reported as estimated percentage of invasive nuclei 
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stained. For this analysis, H-scores could not be calculated as intensity 

grading for cyclin E IHC had been previously found to provide too much 

background signal for reliable quantification and thus the analysis were 

performed with percentage of nuclei staining data only. Similar to cyclin D1, 

all invasive tumour cells and only nuclear staining was assessed (including 

faint staining). Samples with poor fixation, preservation, etc. for which a 

score could not be obtained were reported as ‘NA’ (not assessable). 

For TNBC patients, an additional androgen receptor (AR) IHC staining using 

the specific mouse monoclonal antibody AR441 clone was performed, once 

more with positive and negative controls. Only invasive cells exhibiting brown 

nuclear staining were included in deriving the score and a minimum of 10-

high power fields (HPF) were reviewed and the fields selected must have 

been representative of the biological heterogeneity observed in AR and the 

density across the sample regardless of it being a core biopsy or a resection 

specimen. Scoring was reported as an estimated percentage of invasive 

nuclei stained.  

All IHC and FISH staining and scoring was performed at The Ralph Lauren 

Centre for Breast Cancer Research at The Royal Marsden Hospital. 

 

DNA and RNA extraction for genomic interrogation 
 

The rest of each FFPE block was cut into 10-micron depth slides for nucleic 

acid extractions in the Ralph Lauren Centre for Breast Cancer Research and 

stained with Nuclear Fast Red (NFR) solution in the Breast Cancer Now 

histopathological core facilities, both at The Royal Marsden Hospital in 

London. RNA and DNA extraction from archival FFPE 10-micron slides was 

performed using QIAGEN AllPrep DNA/RNA FFPE Kit using MiniColumns 

(Catalogue No: 80234) with final elute volume of 30μl for RNA and 50μl for 

each first and second elution of DNA. Quantification of RNA was performed 

using Qubit™ 3.0 Fluorometer with Qubit™ RNA HS Assay Kit and quality of 

the RNA extracted assessed with Bioanalyzer. Quantification of DNA was 

performed using an RNAseP assay for digital droplet PCR (ddPCR) after 

manual droplet preparation. 

https://en.wiktionary.org/wiki/%CE%BCl
https://en.wiktionary.org/wiki/%CE%BCl
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2.10 Blood processing 
 

2x 10ml whole blood samples were collected in EDTA tubes (for London 

patients) or STRECK tubes (for Manchester and Glasgow patients) and 

processed for plasma and buffy coat separation at The Institute of Cancer 

Research Chester Beatty Laboratories. EDTA tubes were processed within 2 

hour following venepuncture and STRECK tubes within 48-72 hours. The 

processed plasma and buffy coat were stored immediately at -80°C until 

nucleic acids extraction. 

 

Plasma DNA extraction using automated method 
 

Plasma DNA was extracted from 4ml of sample (for C1D1-EOT pairs) or 2ml 

(for C2D1) using magnetic beads method with the automated Thermo 

Scientific™ KingFisher™ Flex Purification System and using the MagMax™ 

Cell-Free DNA Isolation Kit (containing the MagMax™cell free DNA binding 

solution, magnetic beads, wash and elution solutions; Thermo Cat # 

A29319). For samples received in STRECK tubes, 60µl of proteinase K and 

200µl of SDS 20% solution were added, incubated for 20 minutes at 60°C on 

a Eppendorf™ Thermomixer™ and cooled on ice for 5 minutes. The system 

was loaded with plates containing the sample, MagMax™cell free DNA 

binding solution, MagMax™cell free DNA magnetic beads, MagMax™cell 

free wash solution, freshly made 80% ethanol, and a tip comb plate. The 

Thermo Scientific™ KingFisher™ Flex Purification System was run on 

programme: MagMAX cfDNA-4mL-Flex-V2-100. DNA was recovered to a 

total elute volume of 100μl for each first and 50-100μl for second elutions 

and stored at -20°C prior to quantification.  

 

Buffy coat DNA extraction using columns method 
 

DNA from buffy coat was extracted using QIAGEN QIAamp DNA Mini Kit 

(Catalogue No: 51304) using columns method. Inputs of 50μL of buffy coat 

was added to 20μL proteinase K and 4μL of RNAse A stock solution 

https://en.wiktionary.org/wiki/%CE%BCl
https://en.wiktionary.org/wiki/%CE%BCl
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(100mg/ml; Qiagen Cat # 19101) to a 1.5mL microcentrifuge tube and 

vortexed. This was combined with 200μL buffer AL then briefly vortexed. The 

sample was incubated at 56°C for 10 minutes, combined with 200μL ethanol 

(96-100%) and briefly vortexed. This mixture was moved to a QIAmp Mini 

spin column and centrifuged at >10,000 x g for 1 minute and the filtrate 

discarded. Subsequently 500μL buffer AW1 was added to the spin column 

and centrifuged at >10,000 x g for 1 minute and the filtrate discarded. This 

step was repeated with 500μL buffer AW2 and centrifuged at >10,000 x g for 

3 minutes. The filtrate was discarded, and the Mini spin column centrifuged 

for a further minute to remove any remaining traces of ethanol. The Mini spin 

column was placed in a new labelled 1.5mL microcentrifuge tube and the 

DNA was eluted into 100μL pre-heated (42°C) buffer AE and stored at -20°C 

prior to quantification. 

 

Quantification of extracted DNA by droplet digital PCR (ddPCR) 
 

Quantification of extracted plasma DNA was performed using Bio-Rad QX-

200™ ddPCR System. For DNA extracted from plasma, a multiplex assay 

with HOGA1 (4-hydroxy-2-oxoglutarate aldolase), IRAK4 (interleukin-1 

receptor-associated kinase 4) and OR4C12 (Olfactory receptor 4C12) 

reference genes was used. HOGA1 was VIC labelled while IRAK4 and 

OR4C12 were 6-FAM labelled. The full list of reagents for the triplex cocktail 

can be found in the following table 2. 
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 Supplier Cat No. 
Triplex in House (HOGA1, IRAK4 and OR4C12)   
 1 µl 

 
HOGA1   
Primer Fw: AGGTGGACATTGCGGGTATC 
Primer Rv: CCTCTGCAGTGGCAGTGAAG 
Probe in VIC: CCCCCCTGTGACCAC 

 
 

In-house 

 1.5 
µl 
 

IRAK4, Human PrimePCR™ ddPCR™ Copy 
Number Assay 
 

Bio-Rad dHsaCP25
06307 

 
 2 µl 

 
OR4C12  
Primer Fw: CCAATGTTAAATCCCGTGGTCTA 
Primer Rv: TCCAAAGCTTCCTTATTGCACTT 
Probe in FAM: ACACTCAGAAATGCTG 

 In-house 
 

2X Droplet digital PCR Supermix for Probes  Bio-Rad 1863010 
Nuclease Free water Life 

Technologies 
4387936 

 

Table 2. Triplex in-house design for quantification of plasma DNA. 

 

PCR reactions consisted of 10μL ddPCR Supermix for probes (Bio-Rad), 

4.5μL of Triplex primer probe mix, 1μL of DNA eluate and nuclease free 

water made up to reach a total volume of 20μL (table 3). The reaction was 

then emulsified in 70μL of droplet generator oil into approximately >20,000 

droplets per sample using the Automated Droplet Generator (BioRad 

QX200™ droplet generator, Auto-DG). Emulsified PCR reactions were 

transferred on to a 96 well plate and heat-sealed with foil. All experiments 

were run with at least one non-template control (NTC). PCR reactions were 

run on a G-Storm Quad thermocycler incubating the plates at 95°C for 10 

min followed by 40 cycles at 95°C for 15 sec and 60°C for 60 secs, followed 

by 10 min incubation at 98°C. 

 

 

 

 

 

 



50 
 

Reagent Volume per reaction 
(µl) 

Volume per n reaction 
(µl) 

Nuclease free H2O 5.5 5.5*n 

2 X Droplet digital PCR Supermix for 
Probes 10 10*n 

Triplex primer probe mix 4.5 4.5*n 

Total volume  20  

   

DNA template to be added 1  

 

Table 3. PCR reaction reagents for quantification using in-house triplex. 

 

Quantification of extracted buffy coat DNA was done using RNaseP as the 

reference gene. PCR reactions consisted of 10μL ddPCR Supermix for 

probes (Bio-Rad), 1μL of TaqMan Copy Number Reference Assay, human, 

RNase P (RPPH1, Thermo Fisher Scientific 4403326) 1μL of DNA eluate 

and nuclease free water made up to reach a total volume of 20μL. Droplets 

were in this case generated mainly using Bio-Rad’s manual droplet 

generation protocol, although some of the buffies were also processed using 

the Automated Droplet Generator. All plates generated were thermocycled 

with the same protocol as per plasma DNA quantification.  

The readings were all performed on the QX200™ Droplet Digital™ reader 

system, with FAM and VIC signals. Output files were stored as .qlp files and 

analysed with Bio-Rad’s QuantaSoft software v1.7.4. Droplets generated 

positive or negative clusters compared a population of ‘empty’ droplets. An 

estimation of the DNA concentration was obtained from copies/well obtained 

after ddPCR process and multiplying by the c-value (3.3pg), an estimation of 

the mass of a single haploid human genome. 
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2.11 Whole-genome sequencing of baseline tissue 
 

Ultra-low passage whole-genome sequencing (ulWGS) of the DNA extracted 

from the archival tissue samples was conducted. Library preparation was 

performed using Illumina’s KAPA HyperPlus Kit with Library Amplification 

(Catalogue No: 07962428001) as per manufacturer’s instructions. Libraries 

were made up from 5-50ng input DNA and quantified using Illumina’s Library 

Quantification Kit ABI Prism™ qPCR Master Mix (Catalogue No. 

07960204001) as per manufacturer’s instructions. Quality of libraries was 

checked using Bio-Rad’s Agilent 2100 Bioanalyzer. Libraries were then sent 

to the Centre for Molecular Pathology at The Royal Marsden Hospital and 

The Institute of Cancer Research for next generation sequencing (NGS). 

Sequencing was performed using an SP 300 cycles flow cell aiming to 0.8X 

depth on the NovaSeq 6000 Sequencing System. Data were analysed for 

copy number variations (CNV) by alignment with reference hg19 genome 

using BWA. Duplicate removal used Picard tool 

(http://broadinstitute.github.io/picard/), purity assessment and copy number 

calling used ichorCNA [90] with settings for high tumour fraction to get a 

thresholded adjusted copy number call defined as amplification, gain, 

neutral, heterozygous deletion, or homozygous deletion. Adjusted values for 

a set of genes of interest were then plotted in a diagram for each sample. As 

these analysis can be limited in low tumour purity samples we adopted the 

same approach for our tissue samples as in prior work performed in ctDNA 

from our lab [68] by restricting copy number analysis to those tumours with at 

least 20% tumour purity, as scored in the initial pathologist review. 

 

2.12 Targeted sequencing of paired plasma samples 
 

Sequencing of paired C1D1 and EOT plasma samples was performed with 

the in-house targeted error-corrected capture panel RMH200, which includes 

200 frequently altered genes in cancer including both mutations and copy 

number variations (panel can be found in Appendix 1). cfDNA extracted from 

plasma ranging from 10-25ng were aliquoted into 100μL elutions for 
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available paired samples and sent to the Centre for Molecular Pathology at 

The Royal Marsden Hospital and The Institute of Cancer Research for 

sequencing. Unique molecular identifiers (UMIs) from xGen IDT composed of 

8 nucleotides unique dual barcode and 9 nucleotides long UMI sequence 

were used during library preparation for improving detection limits by 

removing errors introduced by PCR duplicates resulting in an improved 

accuracy of allele frequency. RMH 200 panel size was 1.2 Mb and 20000x 

depth was aimed resulting in ~24Gb required output per sample. Sequencing 

of plasma ctDNA was performed using S1 and S2 flow cells on the Illumina’s 

NovaSeq 6000 Sequencing System. Samples were aligned using Burrows-

Wheeler Aligner (BWA) [91], then annotated and combined into UMI 

consensus families using fgbio (http://fulcrumgenomics.github.io/fgbio/). 

Additionally, 16 plasma samples from healthy donors were sequenced in an 

SP flow cell also on the NovaSeq 6000 (Illumina) to generate an error model 

using a modified pileup pipeline [92]. The 16 healthy plasma samples were 

used as a training set to establish a background error rate for each 

sequenced position in the targeted panel after excluding germline 

SNPs.  This was done using the IDES pipeline to generate a database of 

nonreference counts for each position in the panel. A Weibull distribution was 

fitted to the nonzero values or for positions with low counts of nonreference 

reads, a Gaussian distribution was used. For each ctDNA sample, after 

generating base counts at each position, these were then adjusted based on 

the rate of nonreference reads in the training set.  These revised counts were 

then used to identify possible mutations. Variant calls were generated using 

VarDict [93] and pileup [93]. 4 alternative families of size 3 or more reads 

were required to call a mutation (5 alternative families for an indel) removing 

mutations with significant strand bias. All calls were manually curated with 

Integrative Genomics Viewer (IGV) [94], reported as allele frequency and 

annotated using annovar [95]. All plasma DNA sequencing was performed 

on the NovaSeq 6000 (Illumina). Functional predictions of FAT1 mutations 

found as a result of the sequencing for exploratory work were assessed 

using Sift [96], MutationAssessor [97] and PROVEAN [98]. 
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2.13 PIK3CA mutations validation and ctDNA ratio 
 

A circulating DNA ratio between PIK3CA mutations in C1D1 and C2D1 

(CDR28) was performed with ddPCR for those PIK3CA mutant patients on 

the basis of screening or sequencing data. Singleplex PIK3CA assays were 

used for common mutations E542K (c.1624 G > A), E545K (c.1633 G > A), 

H1047R (c.3140 A > G), and H1047L (c.3140 A > T) located in exons 9 and 

20 when known. Custom assays and multiplexes were initially intended to be 

designed for mutations outside these common ones but as they were only 

found to be a minority, for patients with multiple PIK3CA mutations, the 

mutation in exons 9 or 20 were used for CDR analysis. For patients with 

plasma sequencing data ddPCR was performed both for CDR28 and 

validation of sequencing findings on C1D1. Analysis was performed as per 

prior work in our lab [56], using 0.25 ml plasma equivalent or 1.3 ng of DNA 

input, whichever larger, to allow sufficient calling for wild-type alleles to be 

confident with mutation calling. If less than 1.3ng available, analysis was 

performed with maximum input available and only considered for analysis if 

meeting further QC criteria. All plates were thermocycled with 54 degrees 

and 40 cycle program and readings were all performed on the QX200™ 

Droplet Digital™ PCR System with FAM and HEX signals. Only samples with 

at least 300 wild-types alleles detected were considered as undetectable. If 

this was not met, then the sample was repeated or considered failed if not 

enough material available. If repeated, a summatory of different experiments 

for the same sample was allowed in order to increase sensitivity by enriching 

both mutant and wild-type counts. To be able to perform estimates at very 

low concentration of template only PIK3CA mutations with ≥4 FAM droplets 

at C1D1 were further longitudinally analysed. Bio-Rad Quantasoft® software 

version 1.7.4 was used to calculate concentration of FAM and HEX-binding 

template. As varying plasma equivalents were used, weighted averages 

were calculated for analysis. Mutation assays were all run with two non-

template controls (NTCs) per run. 
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2.14 Statistics 
 

Patients enrolled in part B1 followed a two-stage minimax Simon’s design 

[99], with an unacceptable response rate of 0.1 and an acceptable response 

rate of 0.3 (with a one-sided alpha=0.05 and beta=0.2). 15 patients were to 

be treated in stage one and if two or more responses observed 25 patients in 

total were recruited, with 6 responses in total required to infer efficacy. As 

part B2 was exploratory in nature we decided to use descriptive statistics and 

protocol allowed to allocate up to 38 patients in total (a minimum of 12 

patients with PIK3CA mutant, ER–ve, HER2+ve advanced breast cancer, a 

minimum of 12 patients with PIK3CA mutant, triple negative advanced breast 

cancer and a minimum of 12 patients with advanced solid tumours with 

mutations leading to a hyperactivated PI3K-AKT pathway). To test a 

preliminary evaluation of the safety of palbociclib, taselisib and letrozole 

triplet, 6 patients were required to be enrolled in part B3 with this number 

being reflective of the patients that are enrolled into an expanded dose level 

of a standard phase I 3+3 design. 

 

Statistical analysis was performed using software from GraphPad PRISM® 

version 8.2.1 and Strata version 15. Safety and efficacy analyses were 

performed in all patients who received at least one dose of study drugs 

(palbociclib, taselisib or fulvestrant). For ORR, CBR and PFS analysis, 95% 

CIs were estimated. Kaplan-Meier curves using log-rank test was used to 

test associations with PFS, with HRs calculated using the Mantel-Haenszel 

method. For CDR28, nonparametric Wilcoxon matched-pairs signed-rank test 

was used to detect differences between C2D1 and C1D1 concentration, and 

Log-rank tests for testing potential PFS differences stratifying patients above 

or under a defined CDR28. A p value <0.05 was considered for statistical 

significance in all analysis. 
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Chapter 3. Clinical findings 
 

3.1 Introduction 
 

The current standard for the treatment of metastatic ER+ve and HER2-ve 

breast cancer patients both relapsing on and off adjuvant endocrine therapy 

(ET) is a combination of a CDK 4/6 inhibitor with ET. There is broad clinical 

evidence that the three CDK4/6 inhibitors currently approved by the 

regulatory drug agencies (namely palbociclib, ribociclib and abemaciclib) 

provide a relatively similar efficacy resulting in a clinically meaningful 

improvement in progression-free survival, both as a first-line or second-line 

systemic treatment. Palbociclib was tested in combination with letrozole 

versus placebo plus letrozole in postmenopausal patients with advanced 

ER+ve HER2-ve breast cancer who had not received prior treatment for 

advanced disease in the PALOMA-2 study, and the combination of 

palbociclib was found to provide a significant survival advantage with a 

median PFS 24.8 months in the palbociclib plus letrozole group, as 

compared with 14.5 months in the placebo plus letrozole group (HR 0.58; 

95% CI 0.46 to 0.72; p<0.001) [14]. In patients who had received previous 

ET, the PALOMA-3 study also found a statistically significant improvement in 

PFS for the combination of palbociclib plus fulvestrant versus placebo plus 

fulvestrant, with a median PFS 9.5 months versus 4.6 months, respectively 

(HR 0·46, 95% CI 0·36–0·59, p<0·0001) [100]. In addition, patients enrolled 

in the PALOMA-3 study who had sensitivity to previous ET, defined as either 

a documented clinical benefit (complete response, partial response, or stable 

disease for ≥24 weeks) from at least one previous endocrine therapy 

regimen in the context of metastatic disease or the receipt of at least 24 

months of adjuvant endocrine therapy before recurrence, had longer overall 

survival (OS), with median 39.7 months in the palbociclib plus fulvestrant 

group and 29.7 months in the placebo plus fulvestrant group (HR 0.72; 95% 

CI 0.55 to 0.94; absolute difference of 10.0 months) [101]. A similar 

magnitude of benefit has also been reported for the respective studies 

carried on with ribociclib in the MONALEESA-2 and 3 [102, 103] and 

abemaciclib in the MONARCH-3 and 2 [104, 105]. The three currently 
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approved CDK4/6 inhibitors are generally well tolerated, with 

myelosuppression in the form of neutropenia (up to 80% of patients) being 

the most common adverse event, a reflection of the bone marrow cytostatic 

effect of these compounds.  

A parallel strategy in drug development for the treatment of advanced ER+ve 

HER2-ve breast cancer patients has been the development of PI3K 

inhibitors, with a particular interest to target the patients harbouring a 

PIK3CA mutation which accounts for around 40% of metastatic breast 

cancer patients and results in greater sensitivity to this family of drugs. This 

has ultimately resulted in the FDA/EMA approval (but not MHRA at the 

present moment) approval of the α-selective PI3K inhibitor alpelisib in 

combination with fulvestrant, with the results of the SOLAR-1 study 

demonstrating an improvement in PFS in the PIK3CA-mutant population, 

with a median PFS 11.0 months  in the alpelisib plus fulvestrant group, as 

compared with 5.7 months in the placebo plus fulvestrant group (HR 0.65; 

95% CI 0.50 to 0.85; p<0.001) [34]. The most frequent any-grade adverse 

events in the alpelisib group were hyperglycaemia (63.7%), diarrhoea 

(57.7%) and nausea (44.7%). The β-sparing PI3K inhibitor taselisib also 

showed a statistically significant improvement in PFS in a similar population, 

with 7.4 months in the taselisib plus fulvestrant group versus 5.4 months for 

the placebo plus fulvestrant group (HR 0.70; 95% CI 0.56-

0.89; p=0.0037) [31]. In the taselisib-treated group the most frequent any-

grade adverse events were diarrhoea (60.1%), hyperglycaemia (40.4%) and 

nausea (34.1%). The most frequent grade 3/4 AEs in the taselisib-treated 

group were diarrhoea (11.5%), hyperglycaemia (10.8%) and rash (3.8%). In 

view of the safety profile the small clinical benefit was considered not enough 

to provide a clinical utility. 

Although the introduction of the CDK4/6 and PI3K inhibitors have been 

important milestones in the treatment of ER+ve HER2-ve breast cancer 

patients, there are still patients intrinsically resistant to them and the rest will 

inevitably develop resistance over the course of their treatment. A potential 

strategy to prevent or delay resistance and improve survival in these patients 
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could be the combination of both CDK4/6 and PI3K inhibitors, and pre-

clinical work showed synergistic efficacy in breast cancer models [38]. The 

PIPA study was designed to provide clinical evidence of whether such a 

combination using palbociclib and taselisib can be safely administered in 

humans, describe the toxicity profile, and provide preliminary efficacy data. In 

addition, the study was pre-planned to include PD analyses to help elucidate 

if the drug doses tested cause target modulation and included detailed 

biomarker work to potentially help selecting patients more likely benefiting 

from such a treatment strategy. 

 

3.2 Patient demographics and characteristics 
 

A total of 78 patients were enrolled overall in the trial from March 2015 to 

November 2018. Part A (escalation phase) included the following levels: 

palbociclib plus taselisib PO 100/2mg with both drugs on a 3 week on/1 week 

off schedule (level 1), 100/4mg with both drugs given 3 week on/1 week off 

(level 2), 125/2mg on a 3week on/1 week off schedule (level 3) and 125/2mg 

on a continuous taselisib schedule (level 4). Patients allocated in part A of 

the study followed a 3+3 dose escalation design for identifying the RP2D, as 

follows in table 4. 
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Dose 
Level 

 
Palbociclib 

 
Taselisib 

Estimated No 
of patients 

 
-1 

 
75mg once daily 
 
21-days-on and 7-
days-off treatment 

 
2mg once daily 
 
21-days-on and 7-
days-off treatment 

 
3 + 3 

 
1 

 
100mg once daily 
 
21-days-on and 7-
days-off treatment 

 
2mg once daily 
 
21-days-on and 7-
days-off treatment 

 
3 + 3 

 
2 

 
100mg once daily 
 
21-days-on and 7-
days-off treatment 

 
4 mg once daily 
 
21-days-on and 7-
days-off treatment 

 
3 + 3 

 
3 

 
125mg once daily 
 
21-days-on and 7-
days-off treatment 

 
2mg once daily 
 
21-days-on and 7-
days-off treatment 

 
3 + 3 

 
4 

 
125mg once daily 
 
21-days-on and 7-
days-off treatment 

 
2mg once daily 
 
Continuosly 

 
3 + 3 

 

Table 4. Part A (escalation phase) dose levels with combination doses schedules and estimated 
number of patients to be treated per level. 

 

Escalation phase recruitment was completed with 20 patients enrolled 

including 6 colorectal, 2 ER+ve HER2-ve breast, 1 ER+ve HER2+ve breast, 

1 TNBC, 2 melanoma, 1 cervical, 1 mesothelioma, 1 oesophagus, 1 

cholangiocarcinoma,1 leiomyosarcoma,1 Leydig cell tumour,1 non-small cell 

lung cancer (NSCLC) and 1 head and neck squamous cell carcinoma 

(HNSCC) patient. After completion of the escalation phase, the safety review 

committee established the dose selected to subsequently administer in 

expansion cohorts (part B), which will be later detailed in section 3.5. 

Part B1 was completed with 25 PIK3CA-mt ER+ve HER2-ve breast cancer 

patients enrolled, achieving the recruitment goal to have enough power to 

test the primary efficacy endpoint of the palbociclib, taselisib and fulvestrant 

triplet. Part B2 was closed with a total of 26 patients before planned 

completion due to low accrual with 12 PIK3CA-mt ER-ve advanced breast 

cancer (9 TNBC and 3 HER2+ve), 4 PIK3CA-mt colorectal adenocarcinoma, 
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3 PIK3CA-mt ER+ve HER2-ve (included as solid tumours subcohort), 1 

PIK3CA-mt high grade serous ovarian cancer, 1 PIK3CA-mt clear cell 

ovarian carcinoma, 2 PIK3CA-mt NSCLC, 1 PIK3CA-mt endometrium, 1 

PIK3CA-mt cervix (adenosquamous carcinoma) and 1 PIK3CA-mt anaplastic 

oligodendroglioma patient. Part B3 was completed with a final recruitment of 

7 PIK3CA-unknown ER+ve HER2-ve breast patients, reflecting of the 

number of patients enrolled into an expanded phase I 3+3 design, and with a 

view to explore differences in toxicity with a triplet involving letrozole as 

opposed to fulvestrant. A summarized consort diagram enclosing final cohort 

recruitment is illustrated in the next figure 5. 

 

 

Figure 5. Consort diagram for clinical trial with final number of recruited patients Part A= escalation 
phase, part B= expansion phase. 

 

Main characteristics for all enrolled patients are shown in the following table 
5. Of note, median age for the overall population was 59.9, 82% were female 

and patients have had a median of 3 prior lines of systemic treatment and 2 

prior lines of chemotherapy for advanced disease, reflecting a heavily pre-

treated population. 
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A (N=20) 

 
B1 (N=25) 

 
B2 ER-ve 

(N=12) 

 
B2 Solid 
tumours 
(N=14) 

 
B3 (N=7) 

 
Total 

(N=78) 

Median age, years (IQR) 66.2 (53.7-
70.5) 

57.8 (51.2-
65.3) 

59.5 (52.2-
65.6) 

63.4 (52.8-
68.4) 

56.2 (52.6-
61.1) 

59.9 (52.4-
68.4) 

 

Performance status, n 
(%) 

PS 0 5 (25) 14 (56) 9 (75) 2 (14) 4 (57) 34 (44) 

PS1 15 (75) 11 (44) 3 (25) 12 (86) 3 (43) 44 (56) 

Gender, n (%) Male 10 (50) 0 (0) 0 (0) 4 (29) 0 (0) 14 (18) 

Female 10 (50) 25 (100) 12 (100) 10 (71) 7(100) 64 (82) 

Median prior lines of systemic therapy for 
advanced disease (range) 

 
3 (1-10) 

 
3 (1-9) 

 
2 (1-10) 

 
3 (2-8) 

 
2 (1-4) 

 
3 (1-10) 

Median prior lines of cytotoxic 
chemotherapy for advanced disease 
(range) 

 
2 (0-5) 

 
1 (0-7) 

 
2 (1-6) 

 
3 (0-7) 

 
0 (0-2) 

 
2 (0-7) 

Prior cytotoxic 
chemotherapy, n (%) 

Yes 19 (95) 25/25 (100) 12/12 (100) 13 (93) 7/7 (100) 76 (97) 

No 1 (5) 0/25 (0) 0/12 (0) 1 (7) 0/7 (0) 2 (3) 
Prior ET, n (%) Yes NA 25/25 (100) 5/12 (42) NA 7/7 (100) 37 (84) * 

No NA 0/25 (0) 7/12 (58) NA 0/7 (0) 7 (16) * 
Prior Tamoxifen, n (%) Yes NA 20/25 (80) 3/12 (25) NA 7/7 (100) 30 (68) * 

No NA 5/25 (20) 9/12 (75) NA 0/7 (0) 14 (32) * 
Prior AI, n (%) Yes NA 25/25 (100) 5/12 (42) NA 7/7 (100) 37 (84) * 

No NA 0/25 (0) 7/12 (58) NA 0/7 (0) 7 (26) * 
Prior fulvestrant, n (%) Yes NA 6/25 (24) 0/12 (0) NA 1/7 (14) 7 (16) * 

No NA 19/25 (76) 12/12 (100) NA 6/7 (86) 37 (84) * 
Prior everolimus, n (%) Yes NA 10/25 (40) 0/12 (0) NA 3/7 (43) 13 (30) * 

No NA 15/25 (60) 12/12 (100) NA 4/7 (57) 31 (70) * 
 

Mutations 
as per 
enrolment, 
n (%) 

 

PIK3CA 
Single 

H1047R 0 (0) 10 (40) 3 (25) 2 (14) 0 (0) 15 (19) 

H1047L 0 (0) 2 (8) 0 (0) 0 (0) 0 (0) 2 (3) 

E542K 0 (0) 5 (20) 2 (17) 3 (22) 0 (0) 10 (13) 

E545K 0 (0) 6 (24) 2 (17) 1 (7) 0 (0) 9 (12) 

Others 1 (5) 0 (0) 2 (17) 6 (43) 0 (0) 9 (12) 

Unknown 5 (25) 0 (0) 1 (8) 1 (7) 1 (14) 8 (10) 
 

PIK3CA 
Multiple 

H1047R + 
D350G 

0 (0) 1 (4) 0 (0) 0 (0) 0 (0) 1 (1) 

E542K + N347K 0 (0) 1 (4) 0 (0) 0 (0) 0 (0) 1 (1) 

E545K + 
p.*1069Wext*4 

(Nonstop 
extension) 

 
0 (0) 

 
0 (0) 

 
1 (8) 

 
0 (0) 

 
0 (0) 

 
1 (1) 

H1047R + 
I1058L + I1058F 

0 (0) 0 (0) 1 (8) 0 (0) 0 (0) 1 (1) 

Others non-PIK3CA 10 (50) 0 (0) 0 (0) 1 (7) 0 (0) 11 (14) 

No mutation known 4 (20) 0 (0) 0 (0) 0 (0) 6 (86) 10 (13) 
NA= Not applicable, not breast-exclusive cohorts. ET= Endocrine therapy. AI= Aromatase inhibitor. 
* Calculated from breast cancer patients exclusive. 

 

Table 5. Demographic characteristics of enrolled patients and mutation distribution as per 
enrolment screening. 

 

3.3 Pharmacokinetics 
 

In the dose escalation arm, taselisib had similar PK properties in the 

2/100mg and 2/125mg cohorts with mean plasma Cmax levels at 29.6 and 
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31.0 ng/mL respectively. Exposure of the compound was also comparable at 

mean 504.5 and 554.8 h*ng/mL. Patient variability was evident in the 

4/100mg cohort (n=2) with a mean Cmax of 109.3 ng/mL and an AUC of 

1708.6 h*ng/mL. At dose levels 2/100mg and 2/125mg, the mean was not 

significantly different to previously observed historic data from PMT4979g 

study given the patient variability. For palbociclib, mean Cmax values were 

78.5, 86.8 and 120 ng/mL in the three cohorts (2/100, 4/100 and 2/125mg). 

Mean exposure of palbociclib in the dose escalation arm gave values of 

1324, 1398 and 2066 h*ng/mL respectively. The 2/100mg dose level is very 

comparable to the historic data from the A5481001 single agent study (mean 

Cmax 95 ng/mL and mean exposure AUC 1633ng*hr/mL) and differences 

observed in the 2/125mg dose level were considered not significant given the 

patient variability. There was only data from two patients dosed on the 

4/100mg cohort. This data when normalized to the 125mg dose was within 

15% of the single agent study data. Mean taselisib and fulvestrant PK 

parameters for both taselisib and palbociclib in the escalation phase are 

shown in table 6 and PK curves are shown in the following figure 6. 
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Cohort Subject Tmax (h) Cmax (ng/mL) AUC (h*ng/mL) 
Taselisib 

2/100 Mean 3.0 29.58 504.53 

Median 2.0 26.35 512.25 

Range 4.0 16.80 130.40 

CV% 66.7 26.50 12.40 

4/100 Mean 3.0 109.30 1708.55 

Median 3.0 109.30 1708.55 

Range 2.0 115.40 1719.70 

CV% 47.1 74.70 71.20 

2/125 Mean 4.6 30.99 554.83 

Median 4.0 30.30 541.65 

Range 6.0 22.30 498.14 

CV% 41.2 24.90 26.00 

Palbociclib 
2/100 Geometric 

Mean 

5.8 78.46 1324.24 

Median 6.0 82.15 1377.35 

Range 4.0 48.40 647.20 

CV% 29.1 27.1 21.62 

4/100 Geometric 

Mean 

3.5 86.77 1398.20 

Median 4.0 88.35 1421.60 

Range 4.0 33.30 513.80 

CV% 91.0 27.47 26.28 

2/125 Geometric 

Mean 

5.0 119.94 2066.46 

Median 6.0 109.50 2012.50 

Range 6.0 116.10 1511.80 

CV% 56.9 26.04 19.68 

 

Table 6. PK parameters for taselisib and palbociclib in the escalation phase (part A). 
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Figure 6. Pharmacokinetic analysis in the escalation phase (part A) presented as all patients analysed 
and per dose level for taselisib (top) and palbociclib (bottom). Three patients excluded from the 
analysis following dose interruption/reduction due to serious adverse event (SAE). 

 

Although dose expansion arm was limited in PK sampling there is no 

suggestion of any drug-drug interaction in the double combination study (part 

B2) at steady state (C1D15). Based on limited data, fulvestrant does not 

appear to have any effect on either the palbociclib or taselisib plasma 

concentrations at steady state (C1D15) in the triplet combination study (part 

B1). Data reflecting previous statement can be found in the following table 7. 
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Dose 
Escalation 

Study 

Taselisib concentration (ng/mL)  Dose 
Expansion 

B1 

Taselisib 
Concentration (ng/mL) 

Fulvestrant 
Concentration (ng/mL) 

C1D1  C1D15 C2D15 
 

C1D15 C2D15 C1D15 C2D15 
Pre 2h 4h Pre 2h 4h  Pre 2h 

 
Pre 4h Pre 4h Pre  4 hr Pre  4 hr 

Mean BLOQ 10.8 8.6 15.8 26.9 25.5 22 32.9 
 

Mean 17.6 27.4 19.8 27.7 11.8 11.9 17.6 16.6 
Geometric 

Mean BLOQ 10.4 8.5 15.7 25.1 25 21.1 32.4 
 

Geometric 
Mean 16.6 26.1 17.5 25.6 10.8 10.9 16.3 15.4 

Median BLOQ 9.9 8.9 16.1 26.4 25.1 26 33.3 
 

Median 17.7 26.4 15.8 23.2 9.8 10.1 16.5 15.6 
n 4 4 4 4 4 4 4 4 

 
n 26  22 24 23 19 17 19 18 

Conc > to 
Pre-dose   10.8 8.6   11.2 9.7 10.9 

 

Conc > to 
Pre-dose 9.9 8 0.1 -1.0 

                   
                   

       
Dose 

Expansion 
B2  

Taselisib Concentration 
(ng/mL) 

       
       

C1D15 C2D15 
       

       
Pre 4h Pre 4h 

       
       

Mean 21.2 30.6 24.5 31.4 
       

       

Geometric 
Mean 16.8 26.4 18.9 26.6 

       
       

Median 16.9 29.9 18.7 25.3 
       

       
n 24 23 19 15 

       

       

Conc > to 
Pre-dose 9.3 6.9 
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Dose 
Escalation 

Study 

Palbociclib Concentration (ng/mL) 
 

Dose 
Expansion 

B1  

Palbociclib 
Concentration (ng/mL) 

Fulvestrant 
Concentration (ng/mL) 

C1D1  C1D15 C2D15 
 

C1D15 C2D15 C1D15 C2D15 

Pre 2h 4h Pre 2h 4h  Pre 2h 
 

Pre 4hr Pre 4hr Pre  4 hr Pre  4 hr 

Mean BLOQ 16.4 24 36.7 52.7 71.6 49.3 65.1 
 

Mean 53.8 79.8 55.7 86.2 11.8 11.9 17.6 16.6 
Geometric 

Mean BLOQ 15.5 22.2 34.8 50 70.4 45.5 64.5 
 

Geometric 
Mean 49.8 70.4 52.2 78.4 10.8 10.9 16.3 15.4 

Median BLOQ 15.7 20.9 35.6 46.5 74.5 58.9 67.5 
 

Median 55.2 79.3 50.9 87.6 9.8 10.1 16.5 15.6 
n 4 4 3 4 4 4 3 3 

 
n 20 16 19 19 19 17 19 18 

Conc > to 
Pre-dose   16.4 24   16 34.9 15.8 

 

Conc > to 
Pre-dose 26 30.5 0.1 -1.0 

                   
                   

       
Dose 

Expansion 
B2  

Palbociclib Concentration 
(ng/mL) 

       
       

C1D15 C2D15 
       

       

Pre-
dose 4hr Pre-dose 4hr 

       
       

Mean 55.6 78 62.6 71 
       

       

Geometric 
Mean 50.3 72.5 57.8 64.5 

       
       

Median 45.4 70.3 56 70.8 
       

       
n 21 21 18 15 

       

       

Conc > to 
Pre-dose 22.5 8.4 

        

Table 7. Pharmacokinetic (PK) analysis of taselisib and palbociclib concentrations in both triplet (with fulvestrant added) and doublet combination in the expansion phase 
(part B1 and B2). PK data from escalation phase also provided for comparison. 



66 
 

3.4 Pharmacodynamics 
 

In the dose escalation part, platelet rich plasma (PRP) was analysed from 

20/20 patients at baseline and on-treatment for AKT and GSK3β 

phosphorylation. At the 2mg taselisib dose (in dose levels 3 and 4) there was 

39% decreased AKT phosphorylation at C1D1 4h (p<0.05), 21% decrease at 

C1D15 6h (p<0.05) and 30% decrease at C1D15 8h (p<0.01) and 19% 

decrease in GSK3β phosphorylation at C1D1 4h (p<0.01), 23% decrease at 

C1D15 6h (p<0.01) and 27% decrease at C1D15 8h (p<0.001) (figure 7). 

There was a 24% increase in phosphorylation of AKT at C1D8 pre-dose 

(p<0.05) and also a 21% increase in GSK3β phosphorylation at C1D8 pre-

dose (p<0.01) which may indicate compensatory upregulation often seen in 

PI3K/AKT inhibition, potentially suggesting incomplete PI3K pathway 

inhibition.  

 

 

Figure 7. Phamarcodynamic (PD) analysis in platelet-rich plasma (PRP) for pSer473: total AKT ratio 
(left) and pSer9: total GSK3β ratio (right) at dose levels 3 & 4 (taselisib 2mg). *p<0.05, **p<0.01, 
***p<0.001, paired t-test. 

 

Five patients treated at different schedules in part A were analysed for 

biomarkers of interest on their tumour tissue sample at C1D1 pre-dose 

(Baseline), C1D15 pre-dose and disease progression timepoints. Grouping 

all these five patients, there was a significant 25% decrease in the ratio of 

phosphoSer780-Rb to total Rb at C1D15 pre-dose when compared to C1D1 

pre-dose (p<0.05) in the five patient tumour samples indicating CDK4/6 

signalling modulation as predicted for palbociclib treatment (figure 8).  
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Figure 8. Pharmacodynamic (PD) analysis of pSer780 Rb: total Rb ratio in tumour samples for all dose 
levels grouped showing significant decrease at C1D15 indicating target modulation. *Paired t-test: 
p<0.05. 

 

No significant modulation to the biomarker ratios pSer473-AKT: total AKT, 

pSer9-GSK3β: total GSK3β and pThr421/Ser424-P70S6K: total P70S6K was 

found (figure 9). It was not possible to compare the molecular effects of 

taselisib at different dose levels due to small number of patients assessed. 
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Figure 9. Pharmacodynamic (PD) analysis of pSer473-AKT: total AKT, pSer9-GSK3β: total GSK3β and 
pThr421/Ser424-P70S6K: total P70S6K in tumour samples for all dose levels grouped. Paired t-test: 
p>0.05. 

 

3.5 Safety and RDP2 
 

In part A (dose escalation), patients were enrolled in dose levels 1, 2, 3 and 

4 as shown in figure 10. Three dose limiting toxicities (DLTs) appeared in 2 

patients when taselisib was administered at the 4mg dose in dose level 2, in 

the form of grade 3 mucositis, grade 3 hyperglycaemia and grade 3 fatigue. 

The final recommended dose for phase 2 (RDP2) was established as 125mg 

palbociclib on a 3-week on/1-week off schedule plus 2mg taselisib 

continuously administered. A safety review committee was held before the 

enrolment in part B started, and it was decided to administer palbociclib at 

the 100mg dose for the first cycle and then escalate to 125mg in the absence 

of grade 3/4 myelosuppression. 
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Figure 10. Part A (escalation phase) final patient recruitment and dose-limiting toxicities observed in 
each dose level. 3/1= three weeks on/one week off. 

 

A data snapshot for final analysis was performed in August 2019. Safety was 

acquired and organized in conjunction with ICR Clinical Statistics Unit with 

subsequent review and grouping of equivalent terminologies for the same 

adverse event. A complete record of all adverse events reported in >10% of 

the patients is shown in the following table 8. 
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All adverse events 
reported >10% 

Escalation Expansion 

Total 
(n=78) 

Total 
%  G3-4 % A (n=20) B1 (n=25) B2 ER-ve (n=12) B2 solid tumours 

(n=14) B3 (n=7) 

G.1-
G.2 

G.3-
G.4 

G.1-
G.2 

G.3-
G.4 

G.1-
G.2 

G.3-
G.4 

G.1-
G.2 

G.3-
G.4 

G.1-
G.2 

G.3-
G.4 

Neutropenia 12 6 8 15 4 7 6 4 2 5 69 88.5 47.4 

Thrombocytopenia 10 4 10 1 7 0 8 0 7 0 47 60.3 6.4 

Anaemia 11 3 11 1 4 0 7 1 4 0 42 53.8 6.4 

Fatigue 10 1 11 0 4 0 5 0 6 0 37 47.4 1.3 

Mucositis oral 4 1 10 1 6 0 3 1 3 1 30 38.5 5.1 

Diarrhoea 9 1 8 1 3 1 2 0 5 0 30 38.5 3.8 

Nausea 9 0 10 0 2 0 5 0 0 0 26 33.3 0.0 

Leukopenia 2 1 3 7 5 1 0 1 1 3 24 30.8 16.7 

Rash 6 2 6 2 3 1 0 1 2 0 23 29.5 7.7 

Abdominal pain 5 0 8 1 1 0 6 0 1 1 23 29.5 2.6 

ALT Elevation 5 1 6 2 1 0 1 2 3 0 21 26.9 6.4 

Mucosal 
inflammation 10 0 3 0 2 1 2 0 0 0 18 23.1 1.3 

Cough 2 0 10 0 3 0 1 0 2 0 18 23.1 0.0 

Constipation 4 0 5 0 2 0 4 0 2 0 17 21.8 0.0 

AST Elevation 6 0 4 2 0 0 3 0 0 1 16 20.5 3.8 

Headache 2 1 5 0 3 0 3 0 2 0 16 20.5 1.3 

Vomiting 4 0 3 2 1 0 3 1 1 0 15 19.2 3.8 

Hypokalaemia 2 1 2 1 0 0 6 1 1 0 14 17.9 3.8 

Decreased appetite 8 0 6 0 0 0 0 0 0 0 14 17.9 0.0 

Dyspnoea 2 0 4 4 1 0 0 0 1 0 12 15.4 5.1 

Musculoskeletal 
pain 3 0 2 1 2 0 1 0 2 0 11 14.1 1.3 

Oropharyngeal pain 1 0 4 0 1 0 0 0 5 0 11 14.1 0.0 

Alkaline 
phosphatase 
increased 

3 0 2 0 1 0 1 1 1 0 9 11.5 1.3 

Dyspepsia 1 0 7 0 1 0 0 0 0 0 9 11.5 0.0 

Pain in extremity 2 0 4 0 0 0 0 0 3 0 9 11.5 0.0 

Rhinitis 0 0 4 0 2 0 0 0 3 0 9 11.5 0.0 

Upper respiratory 
tract infection 4 0 1 0 1 0 0 0 3 0 9 11.5 0.0 

Gamma-
glutamyltransferase 
increased 

0 2 2 2 0 1 0 1 0 0 8 10.3 7.7 

Hyponatraemia 1 3 0 1 0 1 1 1 0 0 8 10.3 7.7 

Abdominal 
distension 2 0 2 1 0 0 2 0 1 0 8 10.3 1.3 

Pyrexia 4 0 3 0 0 0 0 0 1 0 8 10.3 0.0 

Urinary tract 
infection 1 0 2 0 0 0 2 0 3 0 8 10.3 0.0 

 
Table 8. All adverse events reported for >10% patients with grading. 

 
Focusing in the 58 patients enrolled in the expansion cohorts that ended up 

receiving the RDP2, the most frequently reported all-grade adverse events 

(AEs) across them were neutropenia (88%), thrombocytopenia (57%), 
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anaemia (48%), fatigue (45%), mucositis (41%), leukopenia (36%) and 

diarrhoea (34%). Other all-grade clinically relevant toxicities included rash 

(26%) and ALT elevation (26%). The most common grade 3/4 AEs in the 58 

expansion phase patients were neutropenia (53%) and leukopenia (21%), 

while the most common grade 3/4 treatment-related AEs were again 

neutropenia (53%) and leukopenia (19%).  

Overall, 24/78 patients (30.8%) had 35 serious adverse events (SAEs) of 

which 9/35 of these (25.7%) were considered as definitely, probably or 

possibly related to treatment. There were no treatment-related deaths. A 

detailed count of SAEs, serious adverse reactions (SARs) and suspected 

unexpected serious adverse reactions (SUSARs) is reported in the following 

table 9: 

 

 Palbo-
100mg, 
Tase-
2mg 
and 

21-day 
cycle 

N=4 

Palbo-
100mg, 
Tase-
4mg 

and 21-
day 

cycle 

N=3 

Palbo-
125mg, 
Tase-
2mg 

and 21-
day 

cycle 

N=7 

Palbo-
125mg, 
Tase-
2mg 

and 28-
day 

cycle 

N=6 

Total 
Part A 

N=20 

 

 

Total 
Part B1 

N=25 

 

 

Breast 

N=12 

 

 

Solid 
tumour 

N=14 

 

 

Total 
Part B2 

N=26 

 

 

Total 
Part 
B3 

N=7 

n % n % n % n % n % n % n % n % n % n % 

SAE 0 0 4 12 5 15 0 0 9 27 6 18 4 12 5 15 9 27 0 0 

SAR 0 0 2 6 0 0 0 0 2 6 6 18 0 0 0 0 0 0 1 3 

SUSAR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

Table 9. Serious adverse events (SAEs), serious adverse reactions (SARs) and suspected unexpected 
serious adverse reactions (SUSARs) in the different cohorts of the study. 

 

 

Dose interruptions, defined as any missed dose during the cycle due to AEs, 

patient error or any other event leading to it, were required for taselisib in 45 

of 78 patients (58%) and for palbociclib in 39 of 78 (50%) patients. In part B1, 

1 of 25 patients (4%) required interruption for fulvestrant, and in part B3 4/7 

(57.1%) for letrozole. Dose reductions for taselisib were required in 13 of 78 
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(17%) patients enrolled, 15 of 78 (19%) for palbociclib. There were delays, 

defined as any delay starting a cycle of treatment, in 28 of 78 patients (36%) 

for taselisib and in 41 of 78 (53%) for palbociclib. Treatment was 

discontinued in 54 of 77 patients (70%) following radiographical progression, 

13 of 77 (17%) following clinical progression, 3 of 77 (4%) due to adverse 

events and 7 of 77 (9%) due to other factors. A detailed summary of 

treatment interruption, reduction, delay and discontinuation per part and 

cohort can be found in table 10 as follows: 

 
Part A (N=20): 

Treatment 
Interruption Reduction Delay Discontinuation 

n % n % n % n % 

Taselisib (n=20) 10 50 4 20 5 25 6 20 

Palbociclib (n=20) 9   45 2 10 11 55 5 25 

 

Part B1 (N=25): 

Treatment 
Interruption Reduction Delay Increase Extra doses Discontinua

tion 

n % n % n % n % n % n % 

Taselisib 
(n=25) 19 76 5 20 13 52 0 0 0 0 8 32 

Palbociclib 
(n=25) 16 64 7  28 16 64 2 8 2 8 8 32 

Fulvestrant 
(n=25) 1 4 0 0 0 0 0 0 0 0 4 16 

 

Part B2 breast and solid tumours (N=26): 

 
Treatment 

Interruption Reduction Increased Delayed Discontinuat
ion 

n % n % n % n % n % 

Breast 
(n=12) 

Taselisib 6 50 2 16.
7 

0 0 4 33.
3 

5 41.
7 
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Palbociclib 4 33.
3 

1 8.3 2 16.
7 

6 50 5 41.
7 

Solid 
tumour 
 (n=14) 

Taselisib 5 35.
7 

1 7.1 0 0 1 7.1 11 78.
6 

Palbociclib 4 28.
6 

3 21.
4 

1 7.1 3 21.
4 

10 71.
4 

 All B2 
patients 
(n=26) 

Taselisib 11 42.
3 

3 11.
5 

0 0 5 19.
2 

16 61.
5 

Palbociclib 8 30.
7 

4 15.
4 

3 11.
5 

9 34.
6 

15 57.
7 

 

Part B3 (N=7): 

Treatment 
Interruption Reduction Delay Discontinuation 

n % n % n % n % 

Taselisib 5 71.4 1 14.3 5 71.4 0 0 

Palbociclib 6 85.7 2 28.6 5 71.4 0 0 

Letrozole 4 57.1 0 0 0 0 0 0 
Table 10. Treatment administration in the different cohorts of the study. 

 
3.6 Response analysis 
 

In part A (escalation phase), there were 19/20 (95%) evaluable patients. 

Response rate (partial or complete response) was 5.3% (1/19, 95% CI 0.1 – 

26.0) and clinical benefit rate (partial or complete response or SD ≥24 

weeks) in the evaluable population was 5.3% (1/19, 95% CI 0.1 – 26.0). 

 

For part B1, 25 patients with PIK3CA-mt ER+ve HER2-ve advanced breast 

cancer were treated with the triplet of taselisib plus palbociclib plus 

fulvestrant, one patient was not assessable for the primary endpoint per 

protocol as they had not completed first cycle of treatment. The confirmed 

objective response rate (ORR) was 37.5% (9/24, 95% CI 18.8-59.4). A 

waterfall plot with best percentage of tumour change and overall response is 
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depicted in figure 11. Clinical benefit rate (CBR) was 58.3% (14/24, 95% CI 

36.6-77.9). There were objective responses even amongst patients with 

several prior lines of chemotherapy for advanced disease and in patients 

having received prior fulvestrant, everolimus or both. 

 

 

Figure 11. Waterfall plot with best percentage of tumour change from baseline sum of the longest 
diameter in target lesions and best confirmed overall response for evaluable patients in part B1 
(N=24) [89]. SLD= Sum of the longest diameter. Best overall response colour code: green= partial 
response (PR), yellow= stable disease (SD), red= progressive disease (PD). Below a schematic view of 
prior relevant treatment. 

 

Part B2 recruited a total of 26 patients. Twelve patients with PIK3CA-mt ER-

ve advanced breast cancer (9 TNBC and 3 HER2+ve) were treated with 

palbociclib plus taselisib, and 10 of them were evaluable for efficacy (8TNBC 

and 2 HER2+ve). The ORR was 10% (1/10, 95% CI 0.2-26.5) and CBR 30% 

(3/10, 95% CI 6.7-65.2). The only objective response identified was in a 

TNBC patient. A waterfall plot illustrating this is shown in figure 12. 
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Figure 12. Waterfall plot with percentage of tumour change and best overall response for evaluable 
ER-ve breast patients in part B2 (N=10) [89]. Below a schematic view of phenotypic classification 
(TNBC vs ER-ve/HER2+ve) and single vs multiple PIK3CA mutation as per enrolment. 

 

There were 14 patients with solid tumours of various subtypes treated in part 

B2; 4 PIK3CA-mt colorectal adenocarcinoma, 3 PIK3CA-mt ER+ve/HER2-ve 

breast cancer (included as part of the solid tumours subcohort), 1 PIK3CA-mt 

high grade serous ovarian cancer, 1 PIK3CA-mt clear cell ovarian 

carcinoma, 2 PIK3CA-mt non-small cell lung cancer (NSCLC), 1 PIK3CA-mt 

endometrial cancer, 1 PIK3CA-mt cervical cancer (adenosquamous 

carcinoma) and 1 PIK3CG-mt anaplastic oligodendroglioma. For the 12 

evaluable solid tumours in part B2, ORR was 0% (0/12, 95% CI 0-26.5) and 

CBR 16.7% (2/12, 95% CI 2.1-48.4). Figure 13 shows waterfall plot with 

responses. 
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Figure 13. Waterfall plot with percentage of tumour change and best overall response for evaluable 
solid tumours patients in part B2 with follow-up to assess confirmed response (N=11). Below a 
schematic view of tumour type classification 

 

Part B3 recruited 7 patients, 6 of whom were evaluable. Measurable disease 

was not a requirement for B3 entry and only 2 patients had measurable 

disease with target lesions to follow. ORR was 0% (0/6, 95% CI 0-45.9) and 

CBR 50% (3/6, 95% CI 11.8-88.1).  

 

3.7 Exploratory survival 
 

An exploratory PFS analysis for the different cohorts of patients enrolled in 

the expansion phase was conducted, although the fact that this was a non-

randomized trial, and the population had a wide range of prior lines of 

treatment limits any robust conclusions in this regard.  

For the 24 response evaluable patients enrolled in part B1, median PFS was 

7.2 months (95% CI 3.9-9.9) as shown in figure 14. 
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Figure 14. PFS for patients in part B1 (treated with the triplet palbociclib, taselisib and fulvestrant). 

 

As the population recruited into part B2 was very heterogeneous, efficacy 

analyses were conducted separately for the PIK3CA-mt ER-ve breast cancer 

patients and the rest of the patients enrolled as solid tumour sub-cohort. For 

the 10 response evaluable ER-ve breast cancer patients enrolled in part B2, 

median PFS was 3.6 months (95% CI 1.7-5.6), shown in figure 15. 

 

 

 

Figure 15. PFS for ER-ve breast patients enrolled in part B2 (treated with the doublet palbociclib and 
taselisib). 
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For the 12 response evaluable solid tumours patients enrolled in part B2 

there was median PFS of 3.8 months (95% CI 1.2-5.0), illustrated in figure 
16. 

 

Figure 16. PFS for solid tumour patients enrolled in part B2 (treated with the doublet palbociclib and 
taselisib). 

 

Finally, for the 7 response evaluable PIK3CA-agnostic ER+ve HER2-ve 

breast cancer patients treated with the triplet of palbociclib, taselisib and 

letrozole enrolled in part B3, median PFS was 8.7 months (95% CI, 1.6-

24.2). This small cohort was less pre-treated than B1, with median 2 lines of 

prior systemic treatment and median 0 lines of prior chemotherapy for 

advanced disease. 

 

3.8 Discussion 
 

The clinical part of this study provided sufficient evidence for the safe 

administration of the combination of palbociclib and taselisib in a range of 

different solid tumours, with the final RDP2 established in the usual dose for 

palbociblib (125mg) in combination with a reduced dose of taselisib (2mg). 

This observation was supported by PK analysis not showing any suggestion 

of drug-drug interaction and by the adverse event profile described here, 

which overall shows the expected pattern of toxicity. As anticipated, there is 

a high rate of myelosupression in the form of neutropenia, in line with 
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multiple prior reports in other studies involving palbociclib. This adverse 

event is a constant for CDK4/6 inhibitors and is a result of the bone marrow 

cytostatic effect induced by these drugs. This neutropenia did not lead to 

febrile neutropenia events, also matching prior reports. PI3K class-related 

toxicities like oral mucositis, diarrhoea and rash also appeared at relatively 

predicted rates, but the low rate of treatment discontinuation following AEs 

likely reflects the favourable safety profile of the combination and strongly 

suggests that this is a manageable strategy to further explore clinically. It is 

possible that treatment delays may have reduced the efficacy of the triplet 

combination, and future triple combination trials should be designed to limit 

the incidence of such delays. 

 

Taselisib was finally administered at a reduced dose in the expansion phase 

(2mg), however there was pharmacodynamic evidence of target modulation 

even at this dose, as reflected in the fact that samples taken at C1D15 6h 

and 8h showed significant suppression. Overall, this indicates that taselisib is 

inhibiting the target. However, there was a rebound found on the C1D8 

sample, suggesting that the PI3K inhibition may have not been sustained 

across all cycle. In addition, the absence of inhibition in biomarker ratios 

pSer473-AKT:total AKT and pSer9-GSK3β:total GSK3β in tumour lysate 

samples suggests the possibility that the amount of taselisib used was not 

high enough to modulate these biomarkers in the tumours via PI3K inhibition, 

although it must be noted that an alternative possibility for this negative 

finding could be the fact that there were insufficient tumours analysed and 

additionally some degree of variability when grouping different dose levels is 

inevitable. Further development of triplet combinations with alternative PI3K 

or AKT inhibitors may maximise the potential of such triplet therapy by 

optimising PI3K-AKT pathway suppression. 

 

In terms of efficacy, this trial shows encouraging response rates and 

although exploratory suggests good survival outcome for patients receiving 

the triplet combination, despite being a heavily pre-treated population. The 

main limitation of these clinical findings is the fact that is not possible from a 

single arm study like this to determine exactly how much efficacy can be 
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attributed to each of the drugs included in the triplet. In fact, the excellent 

efficacy previously shown for palbociclib in combination with fulvestrant in the 

PALOMA-3 trial, and the significant efficacy advantage of alpelisib in 

combination with fulvestrant shown in the SOLAR-1 trial, can potentially 

preclude any efficacy synergy shown in this study. However, there is 

evidence in this work that suggests the triplet combination can represent an 

improvement. The biggest and most reliable source of data for palbociclib 

and fulvestrant treatment in a pretreated population to date is the 

randomized phase 3 PALOMA-3. Here, there was an ORR of 24.6% for 

patients with measurable disease treated with the combination (N=138) and 

specifically 23% for those patients with measurable disease and a PIK3CA 

mutation (N=57) [100]. Results shown in the PIPA trial should be directly 

compared to PALOMA-3 and represent an improvement in terms of ORR. 

Moreover, the population enrolled in PIPA is much more pretreated. 

PALOMA-3 allowed for 1 line of chemotherapy in the advance disease but 

only 33% of patients treated with the combination had received it in this 

context. In PIPA, median chemotherapy lines for advanced disease in 

patients treated with the palbociclib, taselisib and fulvestrant triplet was 1, but 

there were 12/24 evaluable patients (50%) receiving 2 or more advanced 

chemo lines. Also, PALOMA-3 excluded for prior fulvestrant and/or 

everolimus while this study allowed for it and 11/24 evaluable patients (46%) 

had prior fulvestrant, everolimus or both. There is broad evidence that prior 

lines of chemotherapy treatment can heavily decrease response rates in 

subsequent lines of therapy for metastatic breast cancer patients, with 

responses rates falling approximately by half in every subsequent line [106-

108].  

 

Taken together, there is sufficient higher activity shown in this study to 

support the hypothesis of combination efficacy between palbociclib and 

taselisib. 
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Chapter 4. Baseline prognostic and predictive 
biomarkers 
 

4.1 Introduction 
 

The translational research conducted for the PIPA study has involved a 

number of pre-planned analyses to search for potential prognostic and 

predictive biomarkers. Tissue samples were used for biomarker studies with 

a view to perform ultra-low whole-genome sequencing (ulWGS) in order to 

explore a range of potential baseline prognostic copy-number events and 

histopathology techniques (both IHC and FISH) to test for potential predictive 

biomarkers based in prior literature.  

The ulWGS analysis was carried in order to have an estimation of baseline 

CNV for genes of interest that are known to play an important role in cell-

cycle regulation (CCND1, CCNE1, CDK2, CDK4, CDK6 and RB1 among 

others), in the PI3K pathway (AKT1, AKT2, AKT3, PIK3CA and PTEN) or 

known to have a prominent biological function in other pathways relevant to 

breast cancer or in cancer cell signalling in general  (EGFR, ERBB2, FGFR1, 

KRAS, NRAS, MYC and TP53  among others) and compare this baseline 

CNV profile with survival of patients enrolled in the trial. 

Cyclin D1 was additionally explored in this study using both IHC to test 

protein expression and FISH assays to determine potential amplification of 

CCND1, the gene encoding cyclin D1, the latter having been also explored 

with ulWGS. Cyclin D1 is a well described protein which is involved in the 

cell-cycle progression from G1 to S phase among other cyclin-CDK 

complexes. Cyclin D1 couples with CDK4 and 6, which in turn leads to 

phosphorylation of the Rb protein thereby relieving the suppression of E2F 

family of transcription factors and allowing S-phase entry via  promotion of E-

type cyclin and CDK2 expression and resulting in cell-cycle progression 

[109]. High expression of cyclin D1 is a common feature of ER+ve breast 

cancer [16, 110] and has been linked to worse prognosis in this subtype [62, 

111]. However, there have been conflicting reports in the past showing good 

prognosis associated with cyclin D1 expression [61, 112]. This analysis 
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aimed to test amplification of CCND1 and overexpression of cyclin D1 in 

patients enrolled in the PIPA trial, with a view to specifically test in the 

PIK3CA-mt ER+ve HER2-ve metastatic breast cancer group treated with the 

triplet combination whether it has a value as a prognostic biomarker. 

Cyclin E1 was also explored using IHC in this study, to test if different levels 

of protein expression can be used as a biomarker for treatment efficacy also 

on the triplet combination. In the cell-cycle, cyclin E1 couples with CDK2 to 

promote S-phase entry, and bypass activation of CDK2 has been previously 

suggested as a mechanism of resistance to CDK4/6 inhibitors [113] with pre-

clinical work correlating high cyclin E expression with palbociclib resistance 

[38]. There is also clinical evidence from the randomized PALOMA-3 trial that 

showed high levels of cyclin E1 mRNA expression conferring relative 

resistance to patients treated with palbociclib plus fulvestrant [63]. This study 

aimed to test if high levels of cyclin E1 measured at the protein level can also 

predict for efficacy in a triplet combination that included palbociclib. 

Androgen receptor (AR) expression is the defining feature of a distinctive 

TNBC subtype called luminal androgen receptor (LAR), defined by Lehmann 

et al, which also displays high frequency of PIK3CA mutations that makes it 

more resembling to common ER+ve luminal subtypes, despite having 

absence of ER and PR expression [40]. Theoretically, targeting the androgen 

receptor could be used as a non-chemotherapy targeted approach, and such 

strategy has led to the conduction of clinical trials showing modest activity of 

drugs antagonizing AR in the metastatic setting [41, 42]. There is also pre-

clinical evidence that CDK4/6 inhibitors have an enhanced activity for this 

subtype and that there is a predicted synergy when combined with PI3K 

inhibitors [39]. Although only a small number of TNBC patients went into the 

PIPA trial, all of them were defined as having a PIK3CA mutation, and 

therefore it was theorized that a high proportion of them would show some 

degree of AR expression and that this could be used as a predictive 

biomarker for the doublet combination of palbociclib and taselisib. 
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4.2 Samples analysed for baseline biomarker work 
 

All patients enrolled in the study were requested to provide a mandatory 

archival sample of their tumour and an optional progression sample where 

suitable for re-biopsy. No samples from the escalation phase other than 

those coming from breast cancer patients were used for translational 

analyses as an intent to have an homogeneous population treated with the 

recommended combination doses while allowing for enrichment of breast 

cancer patients to further conduct biomarker analyses. As a result, a total of 

59 archival FFPE blocks were finally retrieved for translational analysis. After 

external pathology review, these consisted in 4 blocks coming from the 

breast patients enrolled in part A (2 ER+ve/HER2-ve, 1 ER+ve/HER2+ve, 1 

TNBC), 25 from patients in part B1 (all ER+ve/HER2-ve breast cancer 

patients), 26 from patients coming from part B2 (9 TNBC, 3 ER-ve/HER2+ve 

breast patients, 3 ER+ve/HER2-ve breast included as solid tumours, 4 

colorectal adenocarcinoma, 2 non-small cell lung cancer, 1 high-grade 

serous ovarian cancer, 1 clear cell ovarian carcinoma, 1 endometrial cancer, 

1 adenosquamous cervical carcinoma and 1 anaplastic oligodendroglioma) 

and 4 from patients in part B3 (all ER+ve/HER2-ve breast cancer patients). 

Biopsies had been taken a median of 4.67 years before the first dosing of 

trial medication, 54% coming from metastatic and 46% coming from primary 

specimens. 

 

4.3 Baseline tissue whole-genome sequencing for CNV analysis 
 

After a first external review, which identified some blocks without viable 

tumour, a total of 54 FFPE blocks were used for DNA extraction. DNA 

quantification using an RNAseP ddPCR assay found median DNA 

concentration of 4.42 ng/μL (range 0.06-60.32) for first elution and median 

0.71 ng/μL (range 0.01-4.10) for second elution from these samples. 

Libraries for WGS were then prepared (as detailed in 2.11) and quantified by 

qPCR and stock size adjusted in order to even input for sequencing. A 

quality assessment sampling was then performed with Bio-Rad’s Bioanalyzer 
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for 30 of the total 54 samples ranging from original high to low DNA 

concentration, and 4 samples in the low DNA input side were flagged as not 

adequate for further sequencing on the basis of low % of libraries between 

200 and 1000bp (<60%) and therefore expected to not contain sufficient 

ctDNA to get good quality sequencing data, leaving the total samples used 

for whole-genome sequencing to 50, 47 coming from baseline archival 

blocks and 3 on-progression samples.  

Quality control tests were run for the whole-genome sequencing experiment 

as illustrated in figure 17. The mean coverage was 0.49X for the whole run, 

with mean 0.43 purity and mean 1.91 ploidy. Only three samples were 

identified as having <20% purity and therefore removed from further analysis 

as per prior literature and work in our laboratory [68]. 
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Figure 17. Quality control for the ultra-low whole-genome sequencing experiment showing mean 
coverage and purity per sample sequenced. 

 

As a way of improving accuracy of potential prognostic capabilities for CNV 

in PFS, tumour ultra-low whole-genome analysis for copy number 

assessment was finally restricted to 43 evaluable patients, two of them with 

paired on-progression samples. This baseline CNV profile was then explored 

as a potential prognostic biomarker and data generated from ulWGS was 

also compared with data from IHC and FISH analysis.  

Baseline ulWGS for CNV analysis in evaluable patients with PIK3CA-mt 

ER+ve/HER2-ve breast cancer treated with the triplet combination in part B1 

showed 6/17 patients (35%) had a CCND1 amplification, 9/17 (53%) had a 

FGFR1 amplification, and 2/17 (12%) cases had CCNE1 amplification 

(figure 18). There was no association found between baseline copy number 

aberrations and efficacy in terms of PFS for main genes of interest using log-

rank test as exemplified by AKT1 (median 7.5 vs 8.3 months for amplified vs 

non-amplified, p=0.45), CCNE1 (median 5.6 vs 8.5 months for amplified vs 

non-amplified, p=0.26), CCNE2 (median 7.5 vs 7.0 months for amplified vs 

non-amplified, p=0.98), ESR1 (median 4.5 vs 8.5 months for amplified vs 
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non-amplified, p=0.09), PIK3CA (median 8.0 vs 5.4 months for amplified vs 

non-amplified, p=0.69) or PTEN (median 3.9 vs 8.0 months for patients with 

any deletion vs non-deletion, p=0.29). There was a significant difference for 

AKT3 amplification vs gains (9.7 vs 3.6 months respectively, p<0.01), but it 

must be noted that all patients in part B1 had a thresholded call of either a 

gain or an amplification for this gene (with no neutral or deletion status 

found) and therefore this finding was considered not biologically relevant. 

 

 

Figure 18. Ultra-low whole genome sequencing (ulWGS) for baseline CNV in the sequenced PIK3CA-
mt ER+ve/HER2-ve breast patients treated with the triplet in part B1 (N=17), reported as 
thresholded adjusted copy number call (amplification/gain/neutral/heterozygous 
deletion/homozygous deletion). On the right, best tumour change and progression-free survival 
(PFS) per patient. 

 

For the 7 evaluable sequenced patients with PIK3CA-mt ER-ve breast 

cancer (5 triple negatives and 2 ER-ve/HER2+ve) treated with the doublet 

combination in part B2, there were 2/7 patients (29%) CCND1 amplifications, 

2/7 (29%) FGFR1 amplification and no patient was identified to harbour a 

CCNE1 amplification (figure 19). The small numbers within this subgroup 

limited further efficacy analysis. 
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Figure 19. Ultra-low whole genome sequencing (ulWGS) for baseline CNV in the sequenced PIK3CA-
mt ER-ve breast patients treated with the doublet in part B2 (N=7), reported as thresholded adjusted 
copy number call (amplification/gain/neutral/heterozygous deletion/homozygous deletion). 

 

There were 8 evaluable sequenced patients with PI3K hyperactivated solid 

tumours. These were composed of 7 PIK3CA and 1 PIK3CG mutant (CNS-

anaplastic oligodendroglioma) patients treated with the doublet combination 

in part B2. Whole-genome sequencing revealed 0/8 patients (0%) with 

CCND1 amplifications, 3/8 (38%) FGFR1 amplifications and 3/8 (38%) 

CCNE1 amplifications (figure 20). Once more, the small numbers within this 

subgroup and the heterogeneity of the different tumour types limited any 

further efficacy associations. 

 

Figure 20. Ultra-low whole genome sequencing (ulWGS) for baseline CNV in the sequenced PI3K 
hyperactivated solid tumour patients treated with the doublet in part B2 (N=8), reported as 
thresholded adjusted copy number call (amplification/gain/neutral/heterozygous 
deletion/homozygous deletion). 

 

There were two patients with paired baseline/progression tissue samples 

undergoing ulWGS. This was composed of a PIK3CA-mt ER-ve/HER2+ve 

breast cancer patient (PIPA45) treated with the doublet in cohort B2 and a 
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non-PIK3CA-mt triple-negative breast cancer patient (PIPA54) treated with 

the doublet in part A (escalation phase, dose level 1). CNV analysis for the 

two available patients showed mostly chromosomal stability, with evidence of 

homozygous deletion of RB1 in one patient not seen in baseline, suggesting 

that this might have been an acquired mechanism of resistance developed 

through treatment (figure 21). 
 

 
Figure 21. Ultra-low whole genome sequencing (ulWGS) for paired baseline/progression CNV in 
available patients treated with the doublet (N=2), reported as thresholded adjusted copy number 
call (amplification/gain/neutral/heterozygous deletion/homozygous deletion). 

 
 

4.4 Baseline tissue IHC and FISH analysis 
 

Baseline tissue samples were also analysed for IHC and FISH (see 

methods) as a way of testing potential biomarkers cyclin D1, cyclin E1 and 

androgen receptor (AR) and explore its value as predictors of efficacy on 

palbociclib combinations. To allow for enough samples within homogeneous 

subgroups to enable fair comparisons, all available breast samples retrieved 

for translational analysis were used to obtain a better estimate of median IHC 

and FISH scoring, but survival analyses were restricted to part B1 and ER-ve 

breast patients enrolled in part B2. 

 

Cyclin D1 expression assessment by immunohistochemistry 
 

A total of 42 archival FFPE tissue samples from breast cancer patients 

enrolled in the study had successful analysis of cyclin D1 immunostaining. H-

score was calculated by multiplying the percentage of tumour cells stained 

(0-100) by the intensity grading score (0-3), resulting in a value ranging from 
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0 to 300. An example for different levels of intensity can be found in figure 
22. 

 

 

Figure 22. Examples of cyclin D1 IHC staining (left to right: high, moderate and low staining). 

 

Median and mean H-score was 140 (range 0-240) and 135 (95% CI, 118-

152) respectively. A distribution of frequencies for cyclin D1 H-score across 

all tested samples is depicted in the following figure 23: 

 

 

 

 

 

  

 

 

 

 

 

Figure 23. Histogram of cyclin D1 IHC H-score frequency distribution in 42 breast cancer patients 
with successful staining (N=42). 

 

To assess whether cyclin D1 expression measured via 

immunohistochemistry could be used as a prognostic factor for therapy 

efficacy, median H-score was used to test potential differences in 

progression-free survival.  
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PIK3CA-mt ER+ve/HER2-ve breast patients with valid scoring treated with 

the triplet in part B1 (N=21) were found to have exactly the same PFS 

irrespectively of being classified above or below median H-score. PFS was 

7.2 months vs 7.2 months respectively (p=0.35, log-rank test), as illustrated 

in figure 24.  

 

 

Figure 24. PFS for B1 cohort stratified above/below median cyclin D1 H-score (N=21). Median PFS 
7.2m vs 7.2m, respectively. p=0.35, log-rank test. 

 
 
For the available PIK3CA-mt ER-ve breast patients (N=8) treated with the 

doublet in part B2, again no statistically significant differences in survival 

were noted when stratifying patients above and below median H-score, with 

PFS 4.7 months vs 8.7 months respectively (p=0.37, log-rank test) as shown 

in figure 25. 
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Figure 25. PFS for available ER-ve breast patients in part B2 stratified above/below median cyclin D1 
H-score (N=8). Median PFS 4.7m vs 8.7m, respectively. p=0.37, log-rank test. 

 

Therefore, no significant differences were found for PFS when stratifying 

breast cancer patients by median cyclin D1, irrespectively of them being 

ER+ve or ER-ve. 

 

Cyclin D1 amplification assessment by immunofluorescence 
 

A total of 41 samples had successful cyclin D1 FISH assessment. Only 2 

amplifications (defined as CCND1/CEP11 ratio ≥2) were found, both in part 

B1 (figure 26).  
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Figure 26. Examples of FISH amplification for cyclin D1 for the two patients considered amplified. 
Red probe is for CCND1 and green probe for CEP11. 

 

There was good correlation in part B1 between available amplified cases by 

FISH and WGS with 2/2 (100%) concordance. However, only 2/6 (33%) of 

amplified cases by WGS in part B1 were also amplified by FISH (figure 27).  

 

 

 

 

 
Figure 27. Contingency table representing predictive positive and negative values for copy number 
gain vs FISH amplification for CCND1. 

 

For available amplified versus non-amplified patients in part B1 (N=20), no 

significant survival differences could be found, with PFS 7.8 months vs 7.35 

months respectively (p=0.97, log-rank test).  

 

 

Cyclin E1 expression assessment by immunohistochemistry 
 

A total of 42 blocks from breast cancer patients had successful analysis of 

cyclin E1 immunostaining (figure 28). H-score could not be calculated as the 
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intensity grading for E1 was not obtained (as described in methods). Analysis 

was performed using percentage of tumour cells stained (0-100%) data.  

 

 

Figure 28. Examples of cyclin E1 IHC staining (left to right: 90%, 40% and 10% invasive nuclei 
stained). 

 

Median and mean percentage of staining was 30% (0-90%) and 36.45% 

(95% CI, 27.56-45.33) respectively. A distribution of frequencies for cyclin E1 

% staining is shown in figure 29: 
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Figure 29. Histogram of cyclin E1 IHC % staining frequency distribution in 42 breast cancer patients 
with successful staining. 

 

When stratifying by median, significant survival differences for patients with 

valid scoring were found when stratifying above and below median in cohort 

B1 (N=21). PFS was 6.4 months vs 10.4 months respectively (HR 4.16, 

95%CI 1.32-13.11, p=0.02, log-rank test), shown in figure 30.  
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Figure 30. PFS for part B1 stratified by above/below median cyclin E percentage of invasive nuclei 
stained. HR 4.16 (95% CI 1.32-13.11), p=0.02, log-rank test. Patients at risk per timepoint in each 
subgroup can be found below the graph. 

 

For available ER-ve breast cancer patients in cohort B2 (N=8), PFS was 4.5 

months vs 8.85 months respectively (HR 1.25, 95% CI 0.24-6.37, p=0.79, 

log-rank test), shown in figure 31. 

 

Figure 31. PFS for ER-ve breast in part B2 stratified by above/below median cyclin E percentage of 
invasive nuclei stained. HR 1.25 (95% CI 0.24-6.37), p=0.79, log-rank test. 

 

Androgen receptor expression assessment in TNBC by 
immunohistochemistry 
 

To explore the potential value of androgen receptor (AR) expression as a 

predictive biomarker for the doublet combination therapy in TNBC patients, 
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IHC staining was conducted. A total of 8 blocks from TNBC patients had 

successful analysis of AR immunostaining (figure 32).  

 

 

Figure 32. Examples of AR IHC staining (left to right: high, moderate and low staining). 

 

As with cyclin D1, both percentage of stained invasive cells and H-score was 

calculated to stablish a cut-off that could select for efficacy differences. 

Median and mean H-score was 140 (0-270) and 152.5 (95% CI, 59.21-

245.78) respectively. Median and mean percentage of stained cells was 70% 

(0-90%) and 59.37% (95% CI, 28.21-90.53) respectively. Frequencies 

distributions for both % staining and H-score can be found in figure 33 

below: 
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Figure 33. Histogram of % staining (above) and AR IHC H-score (below) showing frequency 
distribution in 8 TNBC patients. 

 

Overall, 7 out of 8 stained PIK3CA-mutant TNBC patients (87.5%) had 

positivity for AR, a proportion maintained when focusing on the efficacy-

evaluable population with 6 out of 7 (86%) patients staining for AR. A non-

statistically significant numerical difference was found for evaluable patients 

classified above and below baseline median H-score, with PFS 8.15 months 

vs 3.6 months (HR 0.44, 95% CI 0.07-2.83, p=0.39, log-rank test), depicted 

in figure 34.  
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Figure 34. PFS for TNBC in part B2 stratified by above/below median AR H-score (N=7). HR 0.44 (95% 
CI 0.07-2.83), p=0.39, log-rank test. 

 

Interestingly, the two patients with long-term clinical benefit and additionally a 

third patient being the only one achieving a RECIST 1.1 confirmed partial 

response had high AR expression in their tumour, with median 270 vs 90 H-

score for patients achieving CBR vs non-CBR, respectively (p=0.20, Mann-

Whitney test), as shown in figure 35. 

 

 

Figure 35. H-score for androgen receptor (AR) expression distribution in available baseline tumours 
of TNBC patients available (N=7). Median 270 H-score for patients achieving CBR (N=3) vs 90 H-score 
for patients without CBR (N=4), p=0.20, Mann-Whitney test. 
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Of note, only one evaluable patient was found to have <10% AR staining, 

and therefore further analyses using a 10% cutoff as per prior literature was 

not possible.  

 

4.5 Discussion 
 

Baseline molecular profiling using tissue biopsies has been widely explored 

in cancer research to identify potential prognostic and/or predictive 

biomarkers. In this study, ultra-low whole genome sequencing profiling and 

additional IHC and FISH studies were performed in tissue samples as an 

attempt to explore baseline status of clinically relevant genes and their 

prognostic value. Cyclin D1 is known to play an important role in cell-cycle 

regulation through coupling with CDK4/6, with gene amplification linked to 

higher proliferation and worse prognosis in luminal A and B breast cancer 

subtypes. In this study, cyclin D1 amplification (CCND1 amplification) was 

found to be a common event in PIK3CA mutant ER+ve HER2-ve breast 

cancer (6/17, 35%), as expected from prior knowledge, but it did not provide 

any additional prognostic value for patients treated with the triplet 

combination of palbociclib, taselisib and fulvestrant in our dataset. These 

results were mirrored in both cyclin D1 IHC and FISH analyses, with no 

significant prognostic value conferred by stratification of patients above and 

below median. This absence of prognostic value for either CCND1 

amplification or cyclin D1 overexpression mirrors previous observation in the 

PALOMA-1 clinical trial, where CCND1 amplifications were not predictive of 

palbociclib efficacy [114]. Of note, amplification was defined by CCND1-to-

CEP11 ratio >1.5 in PALOMA-1 (as opposed to >2.0 in this study). The 

optimal ratio to call an amplification varies between genes and there is no 

standard for CCND1, therefore any ratio used for predictions needs to be 

considered exploratory. Perhaps higher ratios representing high levels of 

amplification can be more informative although the two patients amplified in 

this trial did show fairly high ratios (4 and 10) with no signal towards different 

prognosis. Overall, there is controversial literature in this respect and more 

functional work will be required to provide definitive certainty that a 
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hypothetical aberrant overexpression resulting from gene amplification 

confers worse prognosis. On the contrary, cyclin E1 was only found amplified 

in a minority of PIK3CA mutant ER+ve HER2-ve breast cancer (2/17, 12%) 

patients, and although this limited any further analysis, it was not found to 

have any evident impact in PFS. However, expression analyses via IHC 

provided significant differences in survival for patients treated with the triplet 

when classified as high or low cyclin E expression, an observation that has 

been recently demonstrated for patients treated with the combination of 

palbociclib and fulvestrant [63]. We also explored other genes known to 

confer worse outcome when amplified. FGFR1 is a clinically targetable gene 

amplified in ~10% of breast cancer patients. We did not find prognostic value 

in this dataset although it is worth mentioning that the percentage of FGFR1 

amplified patients amongst PIK3CA mutant ER+ve HER2-ve breast cancer 

patients treated with the triplet was higher than expected (57%). Other 

potentially relevant copy number alterations in genes involved in the PI3K 

pathway, like AKT amplifications and PTEN deletions, or in the cell-cycle 

regulation like RB1 deletions, were also rather infrequent and failed to 

provide any obvious prognostic value, although the small number of samples 

analysed might have elicited any robust observation. Interestingly, 6 of 7 

evaluable patients with PIK3CA mutant TNBC in our study had some degree 

of IHC expression for AR, a finding that adds evidence to TNBC LAR 

subtypes being enriched for PIK3CA mutations. Previous studies have 

demonstrated the potential of non-chemotherapy approaches for selected 

TNBC subtypes [41, 42], with the potential for antiandrogen therapy in TNBC 

with AR expression. This study suggests that combinations of CDK4/6 and 

PI3K inhibitors might be especially active in TNBC LAR subtype with a 

demonstrated hyperactivation of the PI3K pathway. 
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Chapter 5. Longitudinal predictive biomarkers 
 

5.1 Introduction 
 

All patients enrolled in the PIPA study were required to provide a blood 

sample for research purposes on every first day of their cycles of treatment 

and on progression or an alternative end-of-study timepoint. Plasma-derived 

ctDNA was used in this project as the only resource of genetic material to 

conduct longitudinal biomarker analysis. These consisted in the analysis of 

early changes in ctDNA abundance (between the first and second cycles of 

treatment) to explore whether a drop in these levels or a potential cutoff 

could select patients deriving better efficacy from the combination treatment 

and the analysis of long-term ctDNA changes in the mutation profile 

(between first cycle of treatment and the end-of-study sample) to study 

genomic evolution under therapy. 

Early PIK3CA dynamics in ctDNA have been shown to predict patient 

outcomes in both the PALOMA-3 study of palbociclib plus fulvestrant versus 

placebo plus fulvestrant [56], and the BEECH study of capivasertib plus 

paclitaxel versus placebo plus paclitaxel [57], both in ER+ve/HER2-ve 

metastatic breast cancer patients. In both studies, a ctDNA drop was 

predictive of better outcomes. More specifically, a decline in mutant 

copies/ml (median relative change 0.076, p < 0.0001) was demonstrated in 

matched day 15 samples compared to day 1 for patients treated with the 

combination of palbociclib and fulvestrant in PALOMA-3 [56] and additionally 

patients above an optimally defined ctDNA ratio (CDR) using Harrel’s c-index 

had worse median PFS in comparison to patients blow such CDR (HR 4.92, 

p = 0.0002). Comparable results were also shown for patients enrolled in the 

BEECH study, with patients identified to have suppressed ctDNA at 4 weeks 

deriving better PFS than patients with high ctDNA (HR 0.20, p< 0.0001) [57]. 

Analysis of the ctDNA in patients enrolled in the PALOMA-3 trial has been 

used successfully to detect baseline biomarkers with prognostic implications, 

with both TP53 mutations and FGFR1 amplifications associated with worse 

PFS [115] irrespective of the treatment arm. Additionally, paired baseline and 
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end-of-treatment plasma samples were sequenced in 195 patients in 

PALOMA-3, providing comprehensive evidence of genomic evolution under 

fulvestrant with or without the addition of palbociclib [116]. RB1 mutations 

had been anticipated to occur as a result of acquired resistance to palbociclib 

combinations but only a minority of 4.7% patients in the palbociclib plus 

fulvestrant arm had the mutation identified in the progression sample. There 

was evidence of new PIK3CA and ESR1 (particularly Y537S) mutations 

emerging in both treatment arms, and this occurred more frequently in 

patients exposed for longer to treatment.  

Interrogation of ctDNA was also performed in this project to test for potential 

genomic determinants of sensitivity and resistance to the PI3K inhibitor used 

in the combination. Prior work had identified that patients harbouring double 

PIK3CA mutations accounts for 12-15% in breast cancer, and that when 

those mutations are located on the same allele (i.e. in cis) the tumours have 

increased oncogenicity but also improved sensitivity to α-selective PI3K 

inhibitors [117]. PTEN is a tumour suppressor gene that acts 

dephosphorylating PIP3, therefore acting as a negative regulator of the 

pathway. Its loss of function has also been linked specifically to α-selective 

PI3K inhibitor resistance via hyperactivation of PI3Kβ [18]. The targeted 

panel used for testing ctDNA in patients enrolled in the PIPA trial included 

these and other relevant genes involved in cancer and often with prior 

evidence of resistance or sensitivity to some of the compounds used in the 

combination treatment tested in this trial, and therefore a survival analysis 

based on some of these proposed biomarkers was possible. 

 

5.2 Early changes in PIK3CA mutations in ctDNA for predicting 
treatment benefit  
 

Mostly all patients enrolled in the PIPA trial had a PIK3CA mutation and a 

PI3K inhibitor was part of the combination treatment. This, in addition to the 

fact that the Molecular Oncology laboratory had wide experience using 

ddPCR assays for the detection of different PIK3CA mutations, prompted the 

selection of PIK3CA mutations as the optimal biomarker to track to measure 
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ctDNA abundance changes. A total of 40 C1D1-C2D1 plasma sample pairs 

were analysed with an ultra-sensitive methodology (ddPCR) for early 

PIK3CA ctDNA dynamics, to explore whether an early drop in ctDNA 

abundance (taking PIK3CA mutation as a proxy for this) could select patients 

achieving better outcomes from therapy. From the initial set, there were 10 

pairs excluded for failing pre-defined quality control (as described in 

methods), leaving the total number of pairs to 30. Following methodology 

from prior work exploring the applicability of a ctDNA ratio (CDR) as a tool to 

stratify for responders versus non-responders, we conducted all analysis 

both for allele frequency (AF) and mutant copies per ml equivalent.  

Comparing the PIK3CA mutation AF between C2D1 and C1D1 in all 

samples, the median CDR28 (AF in C2D1 relative to AF in C1D1) was 0.74 

(range 0-3.46). When analysing all evaluable patients passing quality control 

(N=30) there was a significant decrease from baseline (p<0.01, Wilcoxon 

signed-rank test), likely reflecting overall ctDNA suppression after one cycle 

of treatment (figure 36). 

 

 

Figure 36. Left: early PIK3CA mutation dynamics comparing C1D1 to C2D1 allele frequency for the 
whole population analysed passing predefined quality control for longitudinal analysis (N=30). 
p<0.01, Wilcoxon signed-rank test (paired). Right: same analysis represented as change per patient. 
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In order to keep patient homogeneity for accurately exploring the predictive 

value of this ctDNA suppression, a further analysis was restricted to the 16 

evaluable patients with PIK3CA-mt ER+ve/HER2-ve breast cancer in part B1 

receiving triplet therapy. The significant drop previously identified was 

maintained (p<0.01, Wilcoxon signed-rank test) with median CDR28 as 

measured by AF change being 0.31 (0-3.46), figure 37. 

 

   

Figure 37. Left: early PIK3CA mutation dynamics comparing C1D1 to C2D1 allele frequency for 
evaluable PIK3CA-mt ER+/HER2-ve breast cancer patients enrolled in part B1 (N=16). p<0.01, 
Wilcoxon signed-rank test (paired). Right: same analysis represented as change per patient. 

 

To explore the potential impact that a CDR28 could have in patient survival, 

patients in part B1 were first stratified above and below median CDR28 and a 

non-significant trend was found (7.9 vs 11.8m respectively, HR 2.1, 95% CI 

0.49-8.75, p=0.33, Log-rank test).  

Next, a CDR28 cutoff of 0.1 was applied to stratify patients as ctDNA 

supressed (<0.1) or non-supressed (>0.1), and account for potential survival 

differences as per prior work carried on in patients treated with palbociclib 

and fulvestrant which defined a relatively similar cutoff as an optimal one 

[56]. Patients without supressed CDR28 (>0.1) had worse PFS than patients 

with suppressed (<0.1) CDR28 (6.9 vs 15.2m respectively, HR 5.23, 95% CI 

1.41-19.4, p=0.04, Log-rank test). Moreover, only two patients were found to 
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derive complete ctDNA suppression (C1D1 positive and C2D1 under the limit 

of detection), both in part B1. Patients with complete versus incomplete 

ctDNA suppression had improved PFS (6.9 vs 15.2m respectively, HR 5.14, 

95% CI 1.28-20.59, p=0.02, log-rank test), as shown in figure 38. 

 

 

 

Figure 38. Above: Kaplan-Meier curve representing progression-free survival (PFS) for patients in 
part B1 stratified above/below 0.1 CDR28 derived from allele frequency. Median PFS 6.9m vs 15.15m, 
respectively. HR 5.23 (95% CI 1.41-19.42), p=0.04, log-rank test. Below: same analysis for patients in 
part B1 stratified for incomplete/complete ctDNA suppression. Median PFS 6.9m vs 15.15m, 
respectively. HR 5.14 (95% CI 1.28-20.59), p=0.02, log-rank test. 
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The previous analyses were also repeated accounting for the volume of 

plasma (in ml/equivalent) used for the ddPCR reaction (0.25 ml/equivalent or 

the ml/equivalent corresponding to 1.3ng, whichever larger, as described in 

methods) to try and estimate the ctDNA dynamics using absolute changes in 

mutant copies/ml.  

For all 30 evaluable patients, there was a clear trend towards a drop in 

mutant copies/ml between C1D1 and C2D1 (p=0.05, Wilcoxon signed-rank 

test), mirroring findings for AF calculations (figure 39). 

 

 

Figure 39. Left: early PIK3CA mutation dynamics comparing C1D1 to C2D1 mutant copies/ml for the 
whole population analysed passing predefined quality control for longitudinal analysis (N=30). 
p=0.05, Wilcoxon signed-rank test (paired). Right: same analysis represented as change per patient. 

 

Moreover, when restricting the analysis to PIK3CA-mt ER+ve/HER2-ve 

patients enrolled in part B1 (N=16), again a significant drop was detected 

(p<0.01, Wilcoxon signed-rank test, figure 40), confirming that both AF and 

mutant copies/ml can robustly identify ctDNA suppression when an 

homogeneous population treated with similar therapy are explored. 
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Figure 40. Left: early PIK3CA mutation dynamics comparing C1D1 to C2D1 mutant copies/ml for 
evaluable PIK3CA-mt ER+/HER2-ve breast cancer patients enrolled in part B1 (N=16). p<0.01, 
Wilcoxon signed-rank test (paired). Right: same analysis represented as change per patient. 

 

Conversely, applying a 0.1 CDR28 cutoff using mutant copies/ml was not able 

to predict differences in survival. Patients with and without suppressed 

CDR28 had no significantly different PFS (6.9 vs 7.5 months respectively, HR 

1.39, 95% CI 0.41-4.71, p=0.60, Log-rank test, figure 41).  

 

Figure 41. Kaplan-Meier curve representing progression-free survival (PFS) for patients in part B1 
stratified above/below 0.1 CDR28 using mutant copies/ml. Median PFS 7.5m vs 6.9m, respectively. 
HR 1.39 (95% CI 0.41-4.71), p=0.60, log-rank test. 
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5.3 Paired baseline and end-of-treatment plasma ctDNA analysis to 
study genomic evolution through treatment.  
 

To investigate genomic evolution through therapy, paired error corrected 

ctDNA sequencing with a 200 cancer driver gene panel (appendix 1 for 

genes and regions included) was performed in C1D1-EOT pairs for a 

selection of 23 patients. 

These included 16 patients from part B1, 4 patients from B2 (1 PIK3CA-mt 

endometrium, 2 PIK3CA-mt ER+ve/HER2-ve breast and 1 PIK3CA-mt ER-

ve/HER2+ breast), and 3 from B3 (2 PIK3CA-mt and 1 PIK3CA non-mutant 

ER+ve/HER2-ve breast). From these, 20/23 (87%) had confirmed 

progression on their EOT sample. Summed together, there were 20 PIK3CA-

mt ER+ve/HER2-ve breast patients with sequencing data, 16 within part B1. 

Median family coverage for all sequenced samples was 696X (11-1880). 

Metrics for all patients sequenced can be found in table 11.  
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Names percent.ontarget  mean.coverage  median.coverage 

1902326-101-023_C1D1 88%              1,407.2  1477 

1902327-101-023_EOT 87%              1,705.5  1759 

1902328-102-005_C1D1 81%              1,011.7  1089 

1902329-102-005_EOT 78%              1,397.8  1494 

1902330-103-002_C1D1 78%                 911.0  965 

1902331-103-002_EOT 83%                 991.3  1053 

1902332-103-005_C1D1 83%              1,265.4  1269 

1902333-103-005_EOT 85%              2,027.9  1880 

1902334-103-009_C1D1 80%                 855.0  930 

1902335-103-009_EOT 85%              1,393.6  1455 

1902336-103-016_C1D1 86%              1,606.0  1659 

1902337-103-016_EOT 78%                 840.8  894 

1902338-103-021_C1D1 85%              1,535.6  1551 

1902339-103-021_EOT 80%              1,099.5  1168 

1902340-105-005_C1D1 84%              1,324.4  1154 

1902341-105-005_EOT 84%              1,133.9  1073 

1905504-101-027_C1D1 68%                 477.7  478 

1905505-101-027_EOT 68%                 439.7  458 

1905506-102-002_C1D1 41%                 154.5  133 

1905507-102-002_EOT 28%                   92.2  11 

1905508-102-006_C1D1 49%                 331.0  341 

1905509-102-006_EOT 53%                 357.3  363 

1905510-103-008_C1D1 45%                 167.7  165 

1905511-103-008_EOT 61%                 363.6  347 

1905512-103-011_C1D1 70%                 616.2  637 

1905513-103-011_EOT 57%                 372.1  389 

1905514-103-013_C1D1 50%                 261.7  267 

1905515-103-013_EOT 31%                 129.1  129 

1905516-103-017_C1D1 54%                 335.5  347 

1905517-103-017_EOT 67%                 416.9  426 

1905520-105-007_C1D1 55%                 270.4  270 

1905521-105-007_EOT 40%                 225.8  222 

1905528-104-001_C1D1 50%                 462.9  456 

1905529-104-001_EOT 53%                 627.2  614 

1905542-105-006_C1D1 63%                 512.9  504 

1905543-105-006_EOT 49%                 626.0  604 

1905546-103-014_C1D1 69%                 701.5  699 

1905547-103-014_EOT 74%                 818.0  828 

1905550-102-001_C1D1 21%                 156.1  160 

1905551-102-001_EOT 63%                 445.6  485 

1905558-102-003_C1D1 47%                 143.7  143 

1905559-102-003_EOT 63%                 324.6  329 

1905560-103-006_C1D1 63%                 238.1  242 

1905561-103-006_EOT 45%                 231.6  215 

1905562-105-002_C1D1 57%                 437.1  446 

1905563-105-002_EOT 54%                 399.1  420 

 

Table 11. Percentage on target, mean and median coverage for 23 patients undergoing paired cycle 
1-day 1 (C1D1) - end of treatment (EOT) plasma sequencing. 
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The genomic landscape revealed 23 baseline PIK3CA mutations in 19 

different patients (figure 42). There was 20/23 (87%) concordance in 

baseline PIK3CA status between ctDNA sequencing using the RMH200 

targeted panel and the mutational assessment as per enrolment (which could 

have used either tissue or ctDNA testing generally via a targeted 

identification approach performed by an accredited laboratory). Discordant 

patients were PIPA10 (H1047L mutation that was not found in ctDNA 

sequencing at C1D1 but was found in EOT sample), PIPA17 (E545K 

mutation not found in ctDNA sequencing at C1D1 but confirmed to be 

present in a ddPCR assay) and PIPA39 (H1047R mutation not passing the 

threshold for variant calling as per methodology but found in one read). 

Baseline genetic landscape for PIK3CA mutations showed that most 

common mutations were found in known hotspots E542K, E545K and 

H1047R located in exons 9 and 20, as expected.  

 

 

Figure 42. PIK3CA mutations identified at baseline (N=23) with the RMH200 panel. 

 

There were 23 different PIK3CA mutations at the EOT timepoint identified in 

20 patients. Overall, 5 of 23 (22%) patients were found to have multiple 

PIK3CA mutations in any of the timepoints sequenced. Dynamics for PIK3CA 

mutations in the 4 patients with at least 1 read in each timepoint clearly 

suggested subclonal second PIK3CA mutations in 2 patients (figure 43).  
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Figure 43. Double PIK3CA mutation allele frequencies dynamics for patients with at least 1 read in 
any both timepoints (N=4) represented in a log2 scale. C1D1= Cycle 1 Day 1, EOT= End of treatment. 

 

In part B1 (PIK3CA-mt ER+ve/HER2-ve breast cancer), 3 of 16 (19%) 

evaluable sequenced patients had double PIK3CA mutations. PFS was 

shorter for double vs single PIK3CA mutants (median PFS 2.7 vs 8.5m 

respectively HR 663.5, 95% CI 28.8-15286, p<0.0001, Log-rank test) (figure 
44). 

  

Figure 44. Kaplan-Meier curves for patients in part B1 stratified as double vs single PIK3CA-mutant 
(N=16). Median PFS 2.7 vs 8.5m, respectively. p<0.0001, log-rank test. 
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Most breast cancer patients enrolled in the trial had received prior AI (84%), 

and ESR1 mutations appearing as a result of such exposure has been 

associated with poor outcomes. In total, 13 out of 23 (57%) patients had an 

ESR1 mutation at any sequenced timepoint, with 3/13 (23%) patients 

harboring polyclonal mutations. Baseline landscape showed predominance 

of mutations arising in the ligand-binding domain (LBD), as predicted (figure 
45). 

 

 

Figure 45. ESR1 status at baseline (N=23) using RMH200 panel. 

 

Interestingly, acquired Y537S (c.1610A>C) and Y537C (c.1610A>G) 

mutations were identified at EOT in two patients, matching prior knowledge 

that these particular mutations are frequently acquired as a result of 

fulvestrant exposure. 

In addition, there was evidence of ESR1 mutation deselection in both a 

single mutant and double mutant patient (figure 46).  
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Figure 46. ESR1 mutation allele frequencies dynamics with frequent acquisition and loss of ESR1 
mutations. Evidence of a second Y537S and Y537C acquisition, loss of T182P in a double mutant 
patient and loss of E380Q in a single mutant patient. 

 

Among the evaluable PIK3CA-mt ER+ve/HER2-ve breast cancer patients 

sequenced in part B1, 11/16 (69%) had an ESR1 mutation. PFS was not 

significantly different for patients with ESR1 mutant tumours compared to 

wild-type (HR 0.35, 95% CI 0.09-1.40, p=0.13, log-rank test), but the analysis 

was underpowered (figure 47).  

 

Figure 47. Kaplan-Meier curve representing progression-free survival (PFS) for patients in part B1 
stratified as ESR1 mutant/wild-type. Median PFS 9.4m vs 5.4m, respectively. HR 0.35, 95% CI 0.09-
1.40, p=0.13, log-rank test. 
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Overall, 5 of 23 (22%) patients were found to have FAT1 mutations predicted 

to be truncating (2 with stop-gains, 3 with nonsynonymous) in any timepoint 

(figure 48), with evidence of one patient acquiring a FAT1 A1058P missense 

mutation at EOT (predicted to be truncating using common mutational effect 

classifier software) that was not present at C1D1 (figure 49). Of the two 

patients harbouring FAT1 stop-gain mutations, one was an ER+/HER2-ve 

breast cancer patient treated with the triplet that was censored after 5.5m for 

compliance, and the second one was an endometrial cancer treated with the 

doublet that had early progression after only 1.1m of treatment, so 

unfortunately a survival effect analysis restricted to stop-gain mutations 

(which are more likely to have produced a truncated non-functional resulting 

protein) could not be performed.  

There was only one PTEN and one RB1 non-synonymous mutation across 

the 23 patients with paired sequencing and both mutations were shared 

between C1D1 and EOT timepoints, suggesting acquisitions and losses of 

these particular genes are probably infrequent. There was no strong 

evidence for other potential genetic mechanisms of resistance in the paired 

sequencing. 

 

 

Figure 48. Lollipop diagram for predicted truncating FAT1 mutations. 

 

 

 

 



114 
 

 

Figure 49. FAT1 mutation allele frequencies dynamics represented in a log2 scale. PIPA20 had an 
acquisition. 
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5.4 Discussion 
 

A rich longitudinal predictive biomarker work was successfully conducted for 

this project, using plasma ctDNA as the source of nucleic acids, adding 

evidence that liquid biopsies can be used to assess early changes in ctDNA 

abundance and genomic evolution through therapy. The analysis conducted 

in the PIPA trial further validate the findings from PALOMA-3 and BEECH 

clinical trials and adds evidence that early ctDNA dynamics could replace 

other more traditional assessments, with the potential of being implemented 

as an early prospective biomarker in the context of clinical trials. Patients 

with PIK3CA-mt ER+ve/HER2-ve breast cancer treated with the triplet with 

poor ctDNA suppression had worse PFS. Overall ctDNA suppression was 

less pronounced than previous analyses, with only 2 patients having absent 

(under the technical limit of detection) ctDNA at C2D1. A plausible 

explanation for this could be time of sampling, with the C2D1 samples in this 

study taken after at least 1 week-off palbociclib, whereas in prior work on 

PALOMA-3 samples were taken at C1D15. It is likely that ctDNA rebound 

occurred during the week “off palbociclib”, and that some element of rebound 

in ctDNA levels was not fully suppressed by taselisib.  

 

Baseline PIK3CA mutation landscape in this study was consistent with 

multiple prior reports of exon 9 and 20 mutations being the most frequent, 

and multiple PIK3CA mutation rate in our study mirrored prior work [117]. 

Baseline ESR1 mutation profile was also consistent with prior reports as all 

patients within part B1 had been previously exposed to AI. In this study, 

patients with double PIK3CA mutations had shorter PFS on triplet. This 

contrasts prior data suggesting that patients with multiple PIK3CA mutations 

in cis had higher response rates on taselisib at a higher dose [117]. 

Potentially this may reflect the lower dose of taselisib in the triplet, resulting 

in incomplete PI3 kinase inhibition in tumours with hyperactive multiple 

mutations. Another possible explanation is that double PIK3CA mutations 

found in this study could well be in trans and therefore result in a different 

resulting functional consequence. Unfortunately, it is not possible in this 

study to assess whether the mutations were in cis or trans, as PIK3CA 
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analysis was conducted in ctDNA and the short DNA fragments of ctDNA 

preclude such assessment. The only way of confirming the presence of two 

mutations in the same allele would be by identifying the two mutations in the 

same read, which would only be possible if they were very close to each 

other. ctDNA sequencing demonstrated ongoing cancer evolution during 

triplet combination therapy, with acquisition of a FAT1 mutation in one 

patient, selection and loss of a second double PIK3CA mutation, and 

ongoing evolution of ESR1 mutations. ESR1 mutations are known to be 

frequently polyclonal and found at subclonal levels, with this study also 

confirming this observation and providing additional evidence that ESR1 

mutations frequently evolve through therapy with both acquisitions and 

losses demonstrated. The findings of this work are also consistent with prior 

observations that loss of the FAT1 tumour suppressor promotes CDK4/6 

resistance through CDK6 overexpression via the Hippo pathway [69], 

although the fact that the only acquired FAT1 mutation was a missense one 

may limit the interpretation, as it is acknowledged that it may not have a 

functional impact in the resulting protein despite the truncating effect 

prediction given by the different software used, because the accuracy of 

these classifiers is often limited. This study also confirms previous 

observations that ESR1 Y537S and Y537C are acquired through fulvestrant 

therapy [68], likely being a reflection of clonal selection with a survival 

advantage under treatment. In this study, only 1 of 23 (4.3%) patients was 

found to have an RB1 mutation, and this was already present at C1D1, 

matching previous observation in the PALOMA-3 trial that RB1 acquisition on 

palbociclib is a rather uncommon mechanism of resistance [68]. PTEN loss 

has been found to confer resistance to both CDK4/6 and α-selective PI3K 

inhibitors [118]. In patients sequenced with the RMH200 panel within this 

study, there was no evidence of acquired inactivating PTEN mutations that 

would have suggested bypass PI3Kβ activation [18], which was 

hypothesized as a possible mechanism of resistance in this study, given the 

fact that patients had received a β-sparing PI3K inhibition. No further 

mechanisms of resistance were identified with plasma sequencing. 
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Chapter 6. Conclusions 
 

This study represents a modern clinical trial design where both clinical and 

translational endpoints were pre-planned and prospective biological samples 

were taken for this purpose. PIPA is the first clinical trial reporting full data on 

safety and exploratory efficacy of the triplet combination of CDK4/6, PI3K 

and ER signalling inhibition in breast cancer patients, as well as the first to 

provide data on palbociclib plus taselisib in a range of different PIK3CA-

mutant solid tumours. The safety profile shown in patients receiving 

palbociclib 125mg 3-week on/1-week off in combination with taselisib 2mg 

daily is consistent with prior studies investigating palbociclib or taselisib in 

combination with fulvestrant [31, 119]. Myelosuppression is common in 

patients receiving CDK4/6 inhibitors as a result of a cytostatic effect. In this 

study, neutropenia levels are comparable to what had been reported in 

PALOMA-3 (88% vs 78.8%), although a higher degree of thrombocytopenia 

was found (57% vs 19.4%). Mucositis/stomatitis, diarrhoea and 

hyperglycaemia are common PI3K on-target AEs having led to frequent dose 

reductions or discontinuation in prior trials investigating both pan- and 

selective PI3K inhibitors [30, 78, 120, 121]. In this clinical trial, all-grade 

mucositis/stomatitis and diarrhoea were found at a similar rate to that in the 

phase 2 trial for taselisib and fulvestrant (38.5% vs 41.7% for mucositis and 

38.5% vs 42% for diarrhoea). However, hyperglycaemia does not seem to be 

appearing at previously reported frequencies when taselisib is given at the 

2mg dose.  

Pharmacokinetic work performed in samples from patients enrolled in the 

escalation phase (part A) of this study showed consistent maximum 

concentration levels of palbociclib and taselisib (when given at the 2mg dose 

proposed for the RDP2) when compared with historical controls of their 

respective single agent studies, although in particular for taselisib the 

number of patients enrolled in the comparable cohorts was rather small, and 

therefore this data should be handled with caution. The samples tested in the 

expansion phase (part B) were very limited, however no drug interactions for 

the combination were noticed. Nonetheless, the safety profile shown across 
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all patients enrolled in the study strongly suggests that toxicities expected to 

be associated with taselisib were definitely not higher in frequency when 

given in combination with palbociclib. 

Regardless of the dose reduction required for taselisib, there was 

pharmacodynamical evidence of target inhibition at this dose, as 

demonstrated by AKT pathway modulation in PRP taken at 4 hours post-

dose on C1D1 and at 6-8h post-dose on C1D15. The increased AKT 

phosphorylation in PRP at 24h post dose (C1D8 pre-dose) suggests a 

rebound of PI3K pathway activation and highlights the fact that further 

development of triplet combinations with alternative PI3K or AKT inhibitors 

may maximise the potential of such triplet therapy by optimising PI3K-AKT 

pathway suppression. 

 
In terms of efficacy, an objective response rate of 37.5% was shown for 

PIK3CA mutant ER-positive HER2-negative breast cancer patients treated 

with the triplet combination of palbociclib, taselisib and fulvestrant (part B1). 

This result is encouraging, as it compares favourably to the pivotal study for 

palbociclib and fulvestrant PALOMA-3 (37.5% vs 23% for patients with 

measurable disease). The response rate is also higher than found in the 

phase III trial for the doublet combination of taselisib plus fulvestrant (37.5% 

vs 28%). 

 

Taselisib may well not be the ideal PI3K inhibitor to test forward for future 

triplet combinations though, as it has only shown a minor clinical benefit 

compared to current standard treatment when tested in large randomized 

trials [34], and the incomplete PI3K-pathway inhibition throughout the whole 

cycle seen in pharmacodynamics analyses suggests the overall efficacy 

could be even further limited as a result of the dose reduction required for 

triplet combinations. Also, taselisib might not be specific enough. Other triplet 

combinations have been explored in early-phase clinical trials using the pan-

PI3K inhibitor buparlisib or the α-selective PI3K inhibitor alpelisib in 

combination with the CDK4/6 inhibitor ribociclib and the ER-degrader 

fulvestrant, but unfortunately this combination had to be stopped prematurely 
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due to elevated rates of rash that were clinically incompatible with long-term 

dosing, also with frequent diarrhoea, vomiting, increased liver function tests 

and hyperglycaemia [122]. Triplet combinations involving the mTOR inhibitor 

everolimus have shown proof of manageable safety but preliminary efficacy 

suggests only modest efficacy potentially limiting further development of this 

strategy [123]. Moreover, initial data suggests favourable toxicity for triplet 

combinations including the dual mTOR/PI3K inhibitor gedatolisib [124], but 

full reports are not yet available. Perhaps a more refined triplet combination 

will need to be designed once more specific α-selective PI3K inhibitors are 

developed or alternatively interchanging the PI3K inhibitor compound for a 

less toxic AKT inhibitor, with initial reports showing favourable safety profile 

[125]. In line with this, the phase 1b/3 trial IPATunity150 is testing the 

combination of the AKT inhibitor ipatasertib plus palbociclib plus fulvestrant 

versus placebo plus palbociclib plus fulvestrant in metastatic ER+ve HER2-

ve breast cancer patients who have previously progressed on ET 

(NCT04060862). 

 

Current standard of care for PIK3CA mutant ER-positive HER2-negative 

breast cancer patients who do not relapse on AI, is sequential doublets of AI 

plus CDK4/6 followed by fulvestrant plus PI3 kinase inhibition with alpelisib at 

progression, with phase 2 reports now confirming that the efficacy of the 

PI3K inhibition is maintained even after CDK4/6 inhibitor progression [126]. 

In this setting, a triplet combination will need to be assessed against the 

sequential therapy approach, however a triplet therapy is likely more relevant 

in the context of relapse on AI, where fulvestrant plus CDK4/6 inhibition is 

standard, and there is no clear role for subsequent alpelisib.  

 

The trial included a small number of other breast cancer subtypes and an 

additional heterogeneous small group of solid tumours with pathway 

aberrations. Whilst the primary endpoint of establishing MTD and safety for 

the combination was met, the small numbers preclude any robust efficacy 

analysis. However, out of the seven TNBC patients treated with the doublet 

there was one confirmed RECIST 1.1 response and two long-term 

stabilizations, suggesting that a non-chemotherapy strategy for these 
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patients is an approach that will need to be further explored. These patients 

were characterized by high AR expression, which correlates with in vitro 

studies showing higher sensitivity to palbociclib in LAR TNBC [39], and adds 

evidence of LAR subtypes being enriched for PIK3CA mutations [127]. 

Although no objective responses were identified in the solid tumour cohort, 

there were some disease stabilizations in this heavily pre-treated population, 

with a CBR of 16.7%. 

 

The Molecular Oncology Lab in the Institute of Cancer Research had 

previously led the biomarker studies for the combination of palbociclib and 

fulvestrant. Following this body of work, a pre-planned rich biomarker set of 

experiments were conducted here. In summary, this study suggests that 

biomarkers of CDK4/6 inhibitor plus ET resistance may also predict relative 

resistance to triplet combinations. 

Results of this work match the already existing controversy over the value of 

cyclin D1 overexpression or amplification as a prognostic factor in breast 

cancer, with studies both showing overall better and worse prognosis [61, 

62]. Moreover, its value as predictor of benefit in palbociclib-based trials has 

remained elusive [114, 128, 129]. In this study, neither cyclin D1 protein 

expression nor CCND1 amplification assessed via FISH were found to 

predict for efficacy on triplet combination. Interestingly there was an evident 

discordance between FISH amplifications and copy number gains assessed 

via ulWGS, with a possible explanation being the fact that low-level polysomy 

can be difficult to assess using FISH assays and it might have limited the 

findings. Larger datasets will have to be used for proper correlation analysis 

between fluorescence and sequencing-based approaches to measure gene 

amplification. 

The differences in outcomes found here when selecting patients with high or 

low baseline cyclin E1 expression, add evidence to previous findings on high 

cyclin E expression levels conferring resistance to palbociclib in pre-clinical 

models [38], and high mRNA levels of cyclin E1 conferring relative resistance 

to palbociclib for patients enrolled in PALOMA-3 [63]. The PFS was also very 

similar between groups of both trials. However, further confirmation that 
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cyclin E1 IHC assays can be clinically implemented as a selection tool are 

needed, and this will likely need to be assessed in independent large, 

randomized trials. 

ER and/or PR positivity are the only well-stablished biomarkers predicting 

sensitivity to ET, and combination strategies for ER-positive breast cancer 

patients normally include an oestrogen deprivation component. There are 

however known biomarkers known to confer resistance to oestrogen 

deprivation like ESR1 mutations appearing as a result of previous AI 

exposure [72], or activation of the PI3K/AKT/PTEN-pathway through 

promotion of both dependent and independent ER transcription [130-132]. 

Patients sequenced in this study display a similar landscape of baseline 

ESR1 mutations as expected, with evidence of Y537C and Y537S 

acquisition under treatment. These acquisitions had been previously 

identified in work carried in patients in the PALOMA-3 trial, likely as a result 

of fulvestrant exposure [68], and this study provides additional evidence. 

Other potential biomarkers like loss of RB1 function have been previously 

proposed as resistance mechanism for palbociclib, but prior work had shown 

that this is a very uncommon biological event [68]. This study also failed to 

demonstrate any RB1 loss of function mutations acquired through triplet 

therapy.  

PI3K-inhibition sensitivity has been shown to be enhanced in patients with 

PIK3CA activating mutations and deletions [80], with increased activity 

observed in patients with multiple mutations in cis [117]. In PIPA, 22% of 

sequenced patients were identified as having double PIK3CA mutations. 

Conversely, patients harbouring double mutations did worse on triplet 

therapy, suggesting that location of such double mutations might have an 

impact in drug sensitivity, but it also suggests that the PI3K inhibitor dose of 

2mg used in this trial might have been insufficient to fully supress a hyper-

activated PI3K signalling pathway in these double mutant patients. PI3K 

inhibitors resistance has been shown to arise following PTEN loss through a 

proposed hyperactivation of PI3Kβ [18], but no acquired PTEN loss of 

function mutation was identified amongst patients treated with the triplet, 

suggesting this mechanism is probably uncommon at the genomic level, but 
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the possibility of loss of function at the protein level identified via IHC 

remains unanswered. 

Finally, this study provides new and adds evidence that supports the use of 

early ctDNA changes as a measure of treatment efficacy. Both allele 

frequency and mutant copies/ml had been explored and found to predict 

treatment efficacy in other settings [56, 57]. This study replicates such 

findings, and it is worth highlighting that PIK3CA mutations were specifically 

measured, providing a good rationale for the identified predictive value.  

In conclusion, this work demonstrates safe and manageable toxicity in solid 

tumours for the combination of palbociclib and taselisib with or without the 

addition of endocrine therapy. Data also suggests promising efficacy for the 

fulvestrant triplet combination in previously treated patients with PIK3CA 

mutant ER-positive HER2-negative metastatic breast cancer patients, with 

pharmacodynamic evidence of target modulation at the recommended 

combination doses. The study further supports high expression of cyclin E1 

as a poor prognostic marker on palbociclib combinations and reinforce the 

evidence of early ctDNA changes predicting treatment efficacy. These 

findings provide preliminary proof-of-concept that support future combination 

approaches involving more potent and selective PI3K and cyclin-dependent 

pathway inhibitors.  
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Appendix 1. RMH200 panel design 
 

ABL1 all; CNV 
   

IKZF1 all; CNV 
ACVR1 3 to 11 

   
IL3RA CNV only 

AKT1 all; CNV 
   

IRF4  all; CNV 
AKT2 exon3 (E17K) + CNV 

  
JAK1 all 

ALK 19 to 29 +CNV 
  

JAK2 all; CNV 
AMER1 all 

   
JAK3 all 

ANTXR2 all 
   

KDR ex6-26 
APC 

    
KIT all; CNV 

ARAF all 
   

KLF2 all 
ARID1A all 

   
KMT2A all; CNV 

ASXL1 all; CNV 
   

KMT2C all; CNV 
ATM all; CNV 

   
KMT2D all; CNV 

ATRX all; CNV 
   

KRAS all; CNV 
AURKA all; CNV 

   
MAP2K1 all 

B2M all 
   

MAP2K4 all 
BAP1 all 

   
MAP3K1 all 

BCL2 all 
   

MCL1 all  
BCOR all; CNV 

   
MDM2 all; CNV 

BIRC3 all; CNV 
   

MEF2B all  
BRAF all (inc introns8910 tx); CNV 

 
MET all; CNV 

BRCA1 all 
   

MLH1 all 
BRCA2 all 

   
MPL all; CNV 

BRIP1 all 
   

MSH2 all 
BTK exon 15 (C481S) 

  
MSH6 all 

C19MC all; CNV 
   

MTOR exons 28-58 
CALR exon 9 

   
MYC all; CNV 

CARD11 all 
   

MYCL1 all; CNV 
CASP8 all 

   
MYCN all; CNV 

CBL all; CNV 
   

MYD88 exon 5 (L265)  
CCND1 all; CNV 

   
NF1 all; CNV 

CCND2 all; CNV 
   

NF2 all  
CCND3 CNV only 

   
NFE2 all; CNV 

CCNE1 all; CNV 
   

NOTCH1 all 
CCNE2 all; CNV 

   
NOTCH2 exon 1,2,5,20,30; CNV 

CD274 all; CNV 
   

NPM1 exon 10, 11; CNV 
CD79b all; CNV 

   
NRAS all; CNV 

CDH1 all; CNV 
   

NSD1 all; CNV 
CDK12 all 

   
PALB2 all; CNV 

CDK2 all  
   

PAX5 all; CNV 
CDK4 all; CNV 

   
PBRM1 all 

CDK6 all; CNV 
   

PDCD1LG2 all; CNV 
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CDKN2A all; CNV 
   

PDGFRA all; CNV 
CDKN2B all; CNV 

   
PHOX2B all 

CDKN2C all; CNV 
   

PIK3CA all 
CEBPA all; CNV 

   
PIK3CD all 

CHEK2 all 
   

PIK3R1 all 
CIC all  

   
PLCG2 all 

CKDN1B all; CNV 
   

PMS1 all  
CKS1B all; CNV 

   
PMS2 all 

CREBBP all 
   

POLE all  
CRLF1 CNV only 

   
POT1 all 

CSF3R all; CNV 
   

PRKAR1A all 
CTNNB1 all  

   
PTCH1 all 

CUX1 all; CNV 
   

PTCH2 all 
CXCR4 all 

   
PTEN all; CNV 

DAXX all 
   

PTPN11 all; CNV 
DDR2 CNV only 

   
RAD21 all; CNV 

DDX3X all 
   

RAD51C all  
DICER1 all 

   
RAD51D all 

DIS3 all; CNV 
   

RAF1 all 
DNMT3A all; CNV 

   
RB1 all; CNV 

DROSHA all 
   

RET all 
EBF1 CNV only 

   
RFN43 all 

EGFR all; CNV 
   

RHOA all 
EP300 all; CNV 

   
RICTOR CNV only 

ERBB2 all; CNV 
   

ROS1 exons 32-43 
ERBB3 all; CNV 

   
RUNX1 all; CNV 

ESR1 all  
   

SETBP1 all; CNV 
ETNK1 all; CNV 

   
SETD2 all 

ETV6 all; CNV 
   

SF3B1 all; CNV 
EZH2 all; CNV 

   
SH2B3 all 

F2R all; CNV 
   

SMAD2 all; CNV 
FADD all; CNV 

   
SMAD3 all 

FAM46C all; CNV 
   

SMAD4 all 
FAT1 all 

   
SMARCA4 all 

FBXW7 all; CNV 
   

SMARCB1 all 
FGF10 all; CNV 

   
SMARCE1 all 

FGFR1 all; CNV 
   

SMO all 
FGFR2 all; CNV 

   
SOX2 all; CNV 

FGFR3 all; CNV 
   

SRSF2 all; CNV 
FGFR4 all; CNV 

   
STAG2 all; CNV 

FLT3 all; CNV 
   

STAT3 all 
FOXL2 all; CNV 

   
STAT5B all 

FOXO1 all; CNV 
   

SUFU all  
GATA1 all; CNV 

   
TCF3 all 
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GATA3 all; CNV 
   

TERT all; CNV; promoter (-800) 
GNA11 exon 5 

   
TET2 all; CNV 

GNAQ exon 5 
   

TFE3 all 
GNAS exon 5 

   
TG  CNV only 

H3F3A all 
   

TP53 all; CNV 
H3F3B all 

   
TP63 CNV only 

HIST1H3B all 
   

TSC1 all 
HIST1H3C all 

   
TSC2 all 

HIST2H3C all 
   

U2AF1 all; CNV 
HRAS all 

   
VHL all 

ID3 all 
   

WT1 all; CNV 
IDH1 all; CNV 

   
YAP1 all; CNV 

IDH2 all; CNV 
   

YES1 CNV only 
IGF1R all; CNV 

   
ZRSR2 all; CNV 
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