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ABSTRACT

Alterations in the PI3K signaling pathway are common in hormone receptor-positive (HR+)/HER2-negative metastatic breast
cancer (MBC) and are associated with response to PI3K and AKT inhibitor-targeted therapies. When metastasis biopsy is un-
available for genetic testing, circulating tumor DNA (ctDNA) analysis is an alternative strategy for tumor genotyping, but it is
less sensitive for gain and loss analysis. Here, we assess molecular alterations of the genes of this axis—PIK3CA, AKT1, and
PTEN—in circulating tumor cells (CTCs) from patients with HR+/HER2— MBC. CTCs from blood were isolated as single cells
with DEPArrayNxT. Libraries were prepared for copy number analysis (CNA) and investigation of PIK3CA, AKT1, and PTEN
mutational status. A subset of viable CTCs underwent 3 RNA sequencing for transcriptomic profiling. CTCs of 4/5 MBC pa-
tients (80%) exhibited single nucleotide variants (SN'Vs), and heterogeneity was observed at inter- and intra-patient levels. CNA
profiling of CTCs from 8 patients revealed amplifications and gains of chromosomal regions hosting PIK3CA, AKT1, and PTEN.
Notably, one patient presented both 10q32.31 loss and a nonsense mutation of the remaining PTEN allele, suggesting PTEN
loss of function, an event potentially missed by ctDNA analysis. Integrated transcriptomic analysis highlighted patient-specific
enrichment of pathways related to metabolism and RNA processing. Conclusively, single-CTC analysis enables comprehensive
characterization of the PI3K/AKT/PTEN pathway, revealing molecular heterogeneity and capturing events not detectable by
tumor tissue or ctDNA. This approach may enhance molecular stratification and guide the use of targeted therapies in MBC,
supporting its integration into future precision oncology frameworks.

Abbreviations: 3’'RNA-seq, 3' RNA sequencing; BC, breast cancer; CNA(s), copy number aberration(s); CTC(s), circulating tumor cell(s); ctDNA, circulating tumor
DNA; DLRS, derivative log ratio spread; GO-BP, Gene Ontology—Biological Process; HER2, human epidermal growth factor receptor 2; HR, hormone receptor; MBC,
metastatic breast cancer; PI3K, phosphoinositide 3-kinase; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; PTEN, phosphatase and
tensin homolog; SN'V(s), single-nucleotide variant(s); WGA, whole-genome amplification.
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1 | Introduction

The PI3K/AKT/PTEN signaling pathway plays a central role in
regulating key cellular processes such as proliferation, growth,
survival, and motility [1]. Given its central role in oncogenic sig-
naling, this pathway is among the most frequently dysregulated
signaling cascades in human cancers, including breast cancer
(BC), where it is also associated with resistance to endocrine
therapy [2].

Inrecent years, the PI3K/AKT/PTEN axis has gained substan-
tial attention as a therapeutic target, leading to the develop-
ment of novel agents such as the AKT inhibitor capivasertib
and PI3K inhibitors alpelisib and inavolisib [3, 4]. In the
United States, capivasertib in combination with fulvestrant
has been approved for the treatment of hormone receptor
(HR)-positive, HER2-negative locally advanced or metastatic
BC (MBC) harboring PIK3CA, AKTI, or PTEN alterations, in
patients progressing after at least one prior endocrine-based
regimen or within 12months of adjuvant endocrine ther-
apy [5]. In BC, activating mutations of the proto-oncogenes
PIK3CA (encoding for the pl10a catalytic subunit of PI3K)
and AKTI are described in approximately 37.5% and 5% of
cases [6]. PTEN is a tumor suppressor frequently altered in
BC, most commonly by inactivating mutation and deletion of
one copy (hemizygous loss; reduced gene expression) or both
copies (homozygous loss; expression absent) [7]. While classi-
cal tumor suppressor inactivation often involves biallelic loss,
PTEN is dose-sensitive, and haploinsufficiency has been for-
mally demonstrated in mouse models, supporting tumorigenic
effects even with partial PTEN reduction [8].

Currently, the optimal source of tumor material for molecular
testing in the metastatic setting remains an unresolved challenge.

Mapping the PIBK/AKT/PTEN Landscape:

Single-Cell Molecular Profiling of Circulating Tumour Cells (CTCs)

Step 1: Target Cell Enrichment
CTCs are enriched from peripheral
blood samples using specialized
platforms to isolate them from the
surrounding haematologic cells.
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Metastatic biopsies are often unavailable or difficult to obtain,
and primary tumor tissue may not reflect the current molecular
landscape due to tumor evolution and spatial heterogeneity—po-
tentially leading to underestimation of clinically actionable PI3K/
AKT/PTEN pathway alterations [9]. In this scenario, liquid bi-
opsy offers a minimally invasive alternative to tissue sampling,
enabling real-time monitoring of tumor genomics through analy-
sis of circulating tumor DNA (ctDNA) and circulating tumor cells
(CTCs). Although ctDNA is clinically established for advanced
tumor genotyping even with low tumor fraction (variant allele fre-
quency as low as 0.1%), higher levels of ctDNA content are needed
for sensitive detection of some genomic alterations such as copy
number gains and deletions [10]. By contrast, CTCs constitute the
only viable analyte in liquid biopsy, harboring the intact genome
of an individual tumor cell that can be interrogated in its entirety,
thereby enabling the detection of both single nucleotide variants
(SNVs) and copy number aberrations (CNAs) and providing a
comprehensive view of the tumor genome [11-13].

The aim of this study is to provide evidence of the suitability of
CTCs for the investigation of the mutational landscape of the
PI3K/AKT/PTEN signaling axis in CTCs from patients with HR+/
HER2- metastatic BC, highlighting their potential utility in the
context of precision oncology and liquid biopsy-based patient strat-
ification. A graphical abstract of the study is reported in Figure 1.

2 | Methods
2.1 | Patients
Eight HR+/HER2-negative MBC patients were enrolled at the

IRCCS Istituto Romagnolo per lo Studio dei Tumori “Dino
Amadori”, Meldola, Italy. All patients provided written informed
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FIGURE1 | Graphical abstract of the study. The image was generated using NotebookLM (Google).
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consent for the conservation and use of biological samples for re-
search purposes. The study was conducted in accordance with
the Declaration of Helsinki, and the protocol was approved by
the Romagna Ethics Committee (CEROM) on 9 November 2018
under study codes IRST174.19 and B114.

2.2 | CTC Processing

CTCs were enriched using CellSearch (Menarini Silicon
Biosystems) or RosetteSep CTC Enrichment Cocktail (an-
ti-CD36; StemCell Technologies), then sorted individually with
the DEPArray NxT (Menarini Silicon Biosystems). Whole-
genome amplification was performed with the Amplil WGA
Kit, and DNA quality was assessed with the Amplil QC Kit
(Menarini Silicon Biosystems).

2.3 | Library Preparation and Sequencing

For CNA profiling, libraries were prepared using the Amplil
LowPass Kit for Ion Torrent (Menarini Silicon Biosystems)
and sequenced on the Ion Torrent S5 platform using 530 chips,
following the Amplil LowPass workflow. Raw sequencing
data were processed using Torrent Suite Software (Thermo
Fisher Scientific, v5.12.3) for base calling, adapter trimming,
read filtering, and alignment to the human reference ge-
nome (hgl9/GRCh37). CNA profiling was subsequently per-
formed through a customized bioinformatics pipeline based
on Control-Freec, including GC-content and mappability
normalization, read-count segmentation, and bin-wise copy
number estimation, as previously reported by our group [12].
Regions with low mappability or recurrent technical artifacts
were excluded from downstream analyses to reduce false-
positive calls. CNA events were retained only when supported
by statistical significance testing, including Mann-Whitney
and Kolmogorov-Smirnov analyses (p <0.05). Genome-wide
CNA profiles were finally visualized and manually inspected
to assess chromosomal instability patterns and clonal hetero-
geneity across samples.

For SNV detection in PIK3CA, PTEN, and AKT1 loci, single-
cell whole-genome amplified DNA from viable CTCs was
sequenced using the Amplil OncoSeek Panel (Menarini
Silicon Biosystems) on a MiSeq platform (Illumina Inc., San
Diego, CA, USA). Raw reads underwent quality control with
FastQC (v0.11.9) and adapter trimming with Cutadapt (v4.4).
Trimmed reads were aligned to the hgl9 reference genome
with BWA (v0.7.17), and duplicate marking was performed
with Picard (v2.27.4). SNVs were called using VarScan2
(v2.4.6) in somatic mode and annotated against the RefGene
database using ANNOVAR. Variants were filtered, retaining
exonic and splicing sites, with additional quality flags applied
for allele frequency below 5% or base quality score below 30.
Coverage statistics (mean depth and breadth at 0%, 50%, 100X,
500x%, 1,000x) were extracted per sample using GATK (v3.8)
DepthOfCoverage and summarized with custom R scripts.
Exonic and splicing variants passing filters were submitted to
the VarSome API for ACMG/AMP classification and retrieval
of ClinVar, gnomAD, COSMIC, cBioPortal, and NIH GDC
annotations.

For gene expression analysis, viable CTCs were immedi-
ately lysed after isolation. Libraries were prepared using the
QIAseq UPX 3’ Transcriptome Kit (Qiagen) and sequenced
(100 x27bp) using MiSeq [13]. Bioinformatic analysis for
RNA sequencing was performed using the CLC Genomics
Workbench (Qiagen), Biomedical plugin. Enrichment plots
were prepared using Srplot [14]. Term enrichment was per-
formed using EnrichR [15-17].

3 | Results

To investigate the PIK3CA/AKT/PTEN axis from a genetic and
genomic perspective, we applied the workflow as reported in
Figure 2A. The clinicopathological data of patients recruited are
reported in Table 1.

3.1 | Mutational Analysis

The mutational status of the PIK3CA, AKTI, and PTEN genes
was assessed on 52 single CTCs from 5 patients (Table 2). Four
out of 5 patients (80%) had >1CTC harboring a mutation in
PIK3CA (2/4 patients; 50%), AKT1 (2/4 patients; 50%), or PTEN
(1/4 patients; 25%) (Table 3). Mutations in PIK3CA and AKT1
were mutually exclusive. The list of the detected variants in the
tested genes is reported in Table 2.

3.2 | Copy Number Status of PTEN, AKT1
and PIK3CA Hosting Chromosomal Regions

To assess the copy number status of PTEN, AKT1, and PIK3CA,
we analyzed genome-wide copy number data obtained through
WGA-based low-pass sequencing. CTCs from 8 patients with
low background noise and a DLRS value <0.3 were analyzed
(n=283). Copy-number changes at AKT1, PIK3CA, and PTEN
loci are reported for descriptive purposes only (gain >3 copies;
loss <1 copy) and were not used to infer capivasertib sensitivity,
as clinically validated CNA cut-offs for AKT1/PIK3CA gains are
currently lacking.

PTEN (chr10g23.31) CNAs were detected in CTCs from 3 patients.
Copy number gain was observed in 2/39 CTCs (5.4%) from patient
P02 and 3/5 CTCs (60%) from patient P03, while patient P01 ex-
hibited a PTEN copy number loss (1 copy) in 17/27 CTCs (63%).
Notably, the frequency of PTEN loss increased over time in PO1:
3/11 CTCs (27.3%) at timepoint A, 4/4 CTCs (100%) at timepoint B,
and 10/12 CTCs (83.3%) at timepoint C. Two CTCs from timepoint
B also harbored a stop-gain PTEN mutation (S287X), suggesting
the presence of the double hit leading to loss of function (LOF) of
the encoded protein (Figure 2B,C). CTCs from timepoint C (end of
therapy) were not screened for SN'Vs due to low quality.

AKT1 (chrl4q32.33) CNAs were observed in 5 patients: PO1
(18/27 CTCs; 66.7%), P02 (16/39 CTCs; 41%), P03 (5/5 CTCs;
100%), P04 (4/5 CTCs; 80%), and P06 (1/4 CTCs; 25%). In pa-
tient P01, the frequency of AKT1 copy number gain increased
over time, mirroring the trend observed for PTEN: 4/11 CTCs
(36.4%) at timepoint A, 4/4 (100%) at timepoint B (up to 4 cop-
ies), and 10/12 (83.3%) at timepoint C (Figure 2B). In patient
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FIGURE 2 | Molecular characterization of the PIK3CA/AKT/PTEN
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axis in CTCs. (A) Schematic representation of the experimental workflow.

(B) Heatmap showing copy number alterations (CNAs) in single circulating tumor cells (CTCs) isolated from patient P01 at multiple time points, as

determined by whole-genome CNA profiling. Detected mutations are indicated by symbols. (C) Representative CNA profile of a single CTC from
patient P01, highlighting a single copy of chromosome region 10q23.31, which harbors the PTEN locus. (D) Heatmap showing CNAs in single CTCs
from patient P02 at two distinct time points; PIK3CA mutations were identified in three CTCs. (E) Representative CNA profile of a single CTC from
patient P02 showing a copy number gain at chromosome region 14q32.33, while 10q23.31 (PTEN locus) remains neutral (2 copies).

P02, we observed that the chromosomal region containing
theAKTI gene was amplified (up to 4 copies) in multiple CTCs
from timepoints A and C (Figure 2D,E). Patient P03 displayed
copy number heterogeneity, with 2/5 CTCs (40%) showing loss
(1 copy) and 3/5 CTCs (60%) showing gain (up to 4 copies).
Similarly, in patient P04, one CTC had 3 copies, and another
showed loss (1 copy).

PIK3CA (chr3q26.32) copy number gain (3 copies) was detected
in patient P03 (3/5 CTCs; 60%), P07 (1/1 CTC; 100%), P08 (1/1
CTC; 100%), and P06 (3/4 CTCs; 75%).

3.3 | Enriched Terms in CTCs

To investigate the potential of multi-omics integration in
CTCs and to gain insights into the functional consequences
of alterations in the PIK3CA/AKT/PTEN pathway, Gene
Ontology Biological Process (GO-BP) enrichment analysis was
performed using detected transcripts from 3’ RNA sequenc-
ing performed on a subset of viably isolated CTCs. In patient
P01, whose CTCs exhibited monoallelic PTEN loss, pathways
related to glycogen metabolism emerged (Figure S1A), while
in patient P06, whose CTCs harbored the PIK3CA E545K,
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Abbreviations: CDK4/6i, Cyclin-Dependent Kinase 4/6 inhibitor; CT, chemotherapy; ER, estrogen receptor; ET, endocrine therapy; NST, non-specific type; NA, not available; PgR, progesterone receptor; PD, progressive disease; PR,

partial response; PFS, progression- free survival; Pre, premenopausal; Pots, postmenopausal; SD, stable disease.

TABLE 2 | Patient identification codes, number of single circulating
tumor cells (CTCs) analyzed for copy number alterations (CNA), and
number of single CTCs analyzed for single-nucleotide variants (SNV).

CTCs analyzed CTCs analyzed

Patient ID for CNAs for SN'Vs
pPo1 27 16

P02 39 26

P03 5 5

P04 5 —

P05 1 —

Po6 4 4

po7 1 1

Po8 1 —

Total 83 52

TABLE 3 | Mutations identified in metastatic breast cancer patients’

circulating tumor cells (CTCs) analyzed at the single-cell level.

Patient
ID PIK3CA AKT1 PTEN
PO1 None T21fs (1 CTC, S287X
timepoint A) (3 CTCs,
timepoint
B)
P02 F480L (1 CTC, None None
timepoint A)
N345D (1 CTC,
timepoint A)
S900X (1 CTC,
timepoint C)
P03 None E17K (2 CTCs, None
timepoint A)
P06 E545K (4 CTCs, None T286N
timepoint A) (1 CTC,
timepoint
A)
P07 None None None

enriched terms were associated with RNA processing and
splicing (Figure S1B).

4 | Discussion

In recent years, liquid biopsy has emerged as a powerful tool
for molecular profiling and genotyping in advancing cancer
research [18], enabling minimally invasive and dynamic as-
sessment of tumor evolution over time. When archival primary
tumor tissue may no longer represent the current molecular
landscape and metastatic tissue biopsy is infeasible, CTC and
ctDNA profiling can provide complementary information on
actionable alterations and clonal dynamics. This multimodal
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strategy is vital for maximizing the clinical utility of targeted
agents (i.e., capivasertib) and advancing precision oncology
through the identification of alterations affecting the PIK3CA/
AKT1/PTEN axis.

The aim of this study was to characterize molecular alterations
of the genes of this axis—PIK3CA, AKT1, and PTEN—in CTCs
at single-cell resolution, with a focus on which classes of vari-
ants can be captured by single-cell profiling. Overall, we ob-
served that 80% of patients had at least 1 CTC with SNVs in
PIK3CA, AKTI1, or PTEN, highlighting the prevalence of
pathway-related heterogeneity at the single-CTC level at the in-
tra- and inter-patient level. While ctDNA assays are highly sen-
sitive for detecting selected somatic SN'Vs [18], the detection of
copy number changes and deletions remains more challenging
in samples with low ctDNA fraction, thereby increasing the risk
of false-negative calls for CNAs and related events [10].

In this scenario, we integrated single-cell CNA and SNV analy-
sis to explore the power of CTCs in detecting multiple alterations
that may be missed by tissue profiling because of spatial hetero-
geneity [19] and by ctDNA because of tumor fraction limitations
[10]. Specifically, loss of the chromosomal region encompassing
PTEN (10g23.31) was detectable in single CTCs. In addition, in a
subset of CTCs we identified a pathogenic nonsense PTEN vari-
ant affecting the remaining allele, a pattern compatible with a
“two-hit” mechanism that can lead to PTEN loss of function
in the Knudsonian framework [8]. Importantly, in one patient
the 10g23.31 loss was consistently observed across all longitu-
dinal timepoints, whereas the nonsense PTEN variant emerged
during treatment, supporting ongoing clonal selection and illus-
trating the value of serial CTC analysis for longitudinal track-
ing of resistance- or progression-associated clones. While PTEN
alterations encompass inactivating events (including deletions),
for AKTI and PIK3CA the current eligibility criteria are based
on short variants including activating mutations [3], rather than
copy number changes, and to the best of our knowledge, no ev-
idence supporting the efficacy of capivasertib in these cases has
been reported yet in BC. From a translational perspective, de-
tecting PTEN locus loss in CTCs—an event that can be under-
called in tissue due to sampling heterogeneity and in ctDNA due
to CNA detection constraints—may help refine the identifica-
tion of patients with PI3K/AKT pathway dependency who could
benefit from AKT-pathway targeting. Collectively, single-cell
CTC profiling may expand molecular stratification and, ulti-
mately, therapeutic opportunities by capturing both SNVs and
CNAs within the PIK3CA/AKT1/PTEN axis.

Lastly, we observed that the transcriptional landscape mirrored
genetic features of CTCs. In the case of monoallelic PTEN ab-
erration, we observed enrichment of pathways related to gly-
cogen metabolism, consistent with the known role of PTEN as
a metabolic regulator [20]. In contrast, CTCs from the patient
carrying the PIK3CA E545K mutation showed enrichment of
pathways involved in RNA processing, aligning with recent ev-
idence [21], providing feasibility for multi-omics integration in
CTC analysis.

The limitation of this study is represented by the limited case
series and the lack of data concerning ctDNA profiling for most
patients. Nonetheless, our data are hypothesis-generating,

advocating the imperative need for comparative studies to
delineate the precise scenarios in which CTC analysis offers
superior or unique insights compared to ctDNA, particularly
concerning markers such as PTEN LOF, and future trial de-
signs must integrate comprehensive CTC-based biomarker
strategies as central elements rather than ancillary correlative
studies. Such investigations are crucial for developing inte-
grated liquid biopsy approaches that exploit the full potential
of both CTCs and ctDNA, thereby refining patient stratifica-
tion, monitoring treatment response, and guiding therapeu-
tic decisions in the evolving landscape of precision oncology.
From a translational perspective, broader clinical implemen-
tation of CTC-based molecular profiling will require further
standardization of pre-analytical handling, enrichment/
marker strategies (including non-epithelial phenotypes), and
analytical thresholds to ensure reproducibility and compara-
bility across studies.

In conclusion, CTC analysis provides a uniquely dynamic and
spatially comprehensive insight into tumor evolution, com-
plementing tissue and ctDNA profiling. Its integration within
a multimodal molecular assessment framework substantially
increases the likelihood of detecting actionable PI3K/AKT/
PTEN alterations, thereby optimizing the clinical utility of tar-
geted agents such as capivasertib and advancing the paradigm
of precision oncology. In this context, single-cell CTC analysis
expands the detection window for PI3K/AKT/PTEN pathway
alterations (including PTEN LOF) when tumor tissue is un-
available and ctDNA analysis is limited; this may theoretically
increase patient eligibility for agents such as capivasertib and
support evolutionary monitoring.
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