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Summary
Alterations in the phosphoinositide 3-kinase (PI3K)/AKT/PTEN signaling pathway are a 
well-recognized mechanism of resistance in hormone receptor-positive, HER2-negative 
metastatic breast cancer (HR+/HER2- mBC). These alterations are present in approximately 
half of patients with HR+/HER2- mBC. The major alterations in the pathway are somatic 
mutations in the PIK3CA (40–45%) and AKT1 (5%) genes, and loss-of-function alterations 
in PTEN (5–10%). New targeted agents that act against these alterations have been devel-
oped. Therefore, it is important to determine the mutational status of genes in this pathway 
to potentially offer a therapeutic alternative for these patients. In this review, we discuss the 
clinical and biological significance of PI3K pathway alterations in HR+/HER2− mBC, focus-
ing on tumors that progress following endocrine therapy and CDK4/6 inhibitor treatment. We 
then highlight how different diagnostic strategies, including sample type, testing methodol-
ogy, and timing, can improve the identification of patients who are eligible for targeted thera-
pies and promote the effective integration of molecular diagnostics into routine clinical care.
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mutation

Introduction

Dysregulation of the phosphoinositide 3-kinase (PI3K)/AKT/PTEN sig-
naling pathway is a well-recognized mechanism of resistance in hor-
mone receptor-positive, HER2-negative (HR+/HER2−) metastatic breast 
cancer (mBC), affecting approximately 50% of patients 1,2. To counteract 
this resistance, several targeted therapies have been developed, includ-
ing PI3Kα-specific inhibitors such as alpelisib and inavolisib, and the 
pan-AKT inhibitor capivasertib, some of which have been approved by 
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both the U.S. Food and Drug Administration (FDA) 
and European Medicines Agency (EMA) 3-5. Accurate 
molecular testing is essential for personalizing treat-
ment strategies and guiding optimal clinical manage-
ment in this population.
Pathway activation is commonly driven by somatic 
mutations in PIK3CA (~40–45%) or AKT1 (~ 5%) as 
well as by loss-of-function alterations in PTEN (~5-
10%) 6-8. Next-generation sequencing (NGS) remains 
the gold standard for detecting these alterations, offer-
ing the sensitivity and breadth required to identify both 
common and rare variants 9,10. Broad NGS panels pro-
vide comprehensive molecular profiling, including co-
occurring mutations and loss of heterozygosity (LOH), 
while smaller targeted panels or PCR-based assays 
may offer faster turnaround and lower costs but can 
miss non-hotspots or complex alterations. In the case 
of PTEN, integrative diagnostic strategies are often re-
quired, as immunohistochemistry (IHC) alone is insuf-
ficient to reveal the underlying genetic or epigenetic 
causes of protein loss 11-13.
In terms of specimen choice, tissue biopsies are con-
sidered the reference standard, yielding high-quality 
DNA 14, 15. Notably, the CAPItello-291 trial used a tis-
sue-based NGS platform (FoundationOne® CDx) to 
detect alterations in PIK3CA, AKT1, and PTEN  16, 17. 
In contrast, liquid biopsy, primarily via circulating tu-
mor DNA (ctDNA), offers a non-invasive and dynamic 
method for real-time molecular monitoring. However, 
its sensitivity depends on ctDNA fraction and prior 
treatments. In the INAVO120 trial, PIK3CA muta-
tions were assessed using ctDNA-based NGS assay 
(FoundationOne® Liquid CDx). Reflex tissue testing is 
recommended in cases with low ctDNA yield to mini-
mize the risk of false-negative results 18, 19. Together, 
these trials illustrate the complementary roles of tis-
sue and plasma in assessment of the PI3K pathway.
Herein, we examine the clinical and biological sig-
nificance of PI3K pathway alterations in HR+/HER2- 
MBC, particularly in tumors that progress after en-
docrine therapy and CDK4/6 inhibitor treatment. We 
highlight how diagnostic strategies, including sample 
type, testing methodology, and timing, can improve 
the identification of patients eligible for targeted thera-
pies and promote the effective integration of molecular 
diagnostics into routine clinical care.

Mechanisms of resistance

In HR+/HER2- breast cancer, mechanisms related to 
the use of both CDK4/6 inhibitors and endocrine ther-
apy (ET) involve complex interactions targeting the cell 
cycle machinery and hormone signaling pathways  20, 

21. Combination therapy works synergistically by inhib-
iting cell cycle progression through CDK4/6 blockade, 
while simultaneously suppressing estrogen-dependent 
tumor growth. Despite the significant improvements 
in progression-free survival (PFS) demonstrated in 
clinical trials and real-world settings  22, resistance in-
evitably develops through multiple mechanisms, includ-
ing alterations in cell cycle regulators (RB1 loss and 
CCNE1 amplification), CDK4/6 mutations, and activa-
tion of alternative signaling pathways, such as PI3K/
AKT/mTOR 23. These resistance mechanisms can be 
attributed specifically to endocrine therapy, CDK4/6 in-
hibitors, or both treatments, often based on underlying 
genetic features and molecular markers 24.

CDK4/6 inhibitor-related mechanisms of resistance

Resistance associated with CDK4/6 inhibitors encom-
passes a complex network of molecular alterations 
that affect cell cycle regulation and alternative signal-
ing pathways. These mechanisms can be categorized 
into primary alterations in cell cycle machinery com-
ponents and secondary activation of compensatory 
signaling cascades 25, 26. 

RB1 gene alterations as a primary resistance 
mechanism

In the canonical pathway, CDK4/6 complexed with D-
type cyclins phosphorylates the retinoblastoma (RB) 
protein, which subsequently releases E2F transcription 
factors from inhibitory binding, enabling the transcrip-
tion of genes that are essential for G1/S phase transi-
tion 27. Given that functional RB is the primary substrate 
and mediator of CDK4/6 inhibitory activity, its disrup-
tion represents a fundamental resistance mechanism. 
Clinical evidence demonstrates that patients harboring 
RB1 loss-of-function mutations exhibit significantly de-
creased PFS following CDK4/6 inhibitor therapy, com-
pared to those without such alterations 28. Longitudinal 
genomic analyses of tumor samples revealed enrich-
ment of RB1 alterations in post-treatment specimens, 
including various splicing site substitutions, insertions, 
deletions, and point mutations, not detected in pre-
treatment biopsies. These alterations can emerge as 
polyclonal mutations after exposure to CDK4/6 inhibi-
tors, suggesting convergent evolution under therapeu-
tic pressure 29. Intriguingly, CDK4/6 inhibitor treatment 
itself can promote βTrCP1-mediated ubiquitination and 
proteasomal degradation of the RB protein, contribut-
ing to treatment resistance through post-translational 
mechanisms independent of genetic alterations  30. 
Even heterozygous RB1 loss has been identified as a 
biomarker of acquired resistance and poor clinical out-
come, suggesting that a partial reduction in RB function 
may be sufficient to confer therapeutic resistance 28.
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Cyclin E-CDK2 axis activation

In addition to RB1 alterations, amplification or over-
expression of cyclin E1 (CCNE1) represents another 
prevalent resistance mechanism 31. Elevated CCNE1 
level enables its binding partner CDK2 to phosphory-
late RB, effectively bypassing CDK4/6 inhibition and 
restoring cell cycle progression  26. This mechanism 
has been validated through multiplex single-cell imag-
ing analyses, demonstrating concurrent upregulation 
of CDK2 and cyclin E1 in resistant cells 32.
Recent evidence indicates that CDK2 activation oc-
curs in a two-step process: initial RB protein degrada-
tion, followed by c-Myc-mediated amplification of E2F 
transcriptional activity 30. The cyclin E-CDK2 complex 
is particularly crucial for cell survival in cancers with 
concurrent MYC and CCNE1 overexpression, estab-
lishing a synthetic lethal interaction that represents a 
potential therapeutic vulnerability 33.

Alternative signaling pathway activation

Resistance to CDK4/6 inhibitors frequently involves 
the activation of alternative signaling pathways that 
circumvent cell cycle arrest. Activation of the inter-
feron (IFN) signaling pathway is strongly associated 
with both intrinsic and acquired resistance  34. Mech-
anistically, downregulation of the splicing regulator 
NSRP1 contributes to CDK4/6 inhibitor resistance by 
mediating alternative splicing of NSD2 mRNA and 
subsequent activation of the IFN pathway 35. Aberrant 

FGFR signaling represents another major resistance 
mechanism, with FGFR inhibition capable of reversing 
CDK4/6 inhibitor resistance in preclinical models. Ad-
ditional resistance pathways include the activation of 
the MAPK and PI3K/AKT signaling cascades 25.

Mechanisms associated to changes in signal 
transduction pathways

The PI3K/AKT/PTEN signaling axis represents a 
critical mediator of acquired and intrinsic resistance 
to CDK4/6 inhibitors in HR+/HER2- breast cancer 
through complex molecular interactions with the cell 
cycle machinery. Dysregulation of this pathway en-
ables cancer cells to circumvent CDK4/6 inhibition 
via multiple interconnected mechanisms. Genomic 
alterations affecting this pathway are quite common. 
Specifically, across 9,598 breast cancer cases, includ-
ing both primary and metastatic cohorts, from studies 
available in cBioPortal (MSK-2018, MSK-2022, MSK-
2025, METABRIC, and TCGA), mutations in PIK3CA, 
AKT1, or PTEN were detected in 4,700 tumors (~49%) 
(36-40). These alterations typically involve recurrent 
hotspot mutations (e.g., PIK3CA H1047R, E545K; 
AKT1 E17K) or loss-of-function events (PTEN), and 
represent clinically actionable targets for pathway-di-
rected therapies (Fig. 1).

Molecular crosstalk between PI3K/AKT and cell 
cycle machinery

Figure 1. PI3K/AKT/PTEN signaling pathway and associated genomic alterations in HR+/HER2− metastatic breast cancer. 
Data from 9,598 cases across selected cBioPortal studies (MSK-2018, MSK-2022, MSK-2025, METABRIC, TCGA) show that 
~49% of tumors harbor alterations in PIK3CA, AKT1, and/or PTEN. Lollipop plots indicate the distribution and domain 
localization of recurrent mutations; PTEN deletions are not included. Approved and emerging targeted therapies directed 
against these alterations are shown at their respective sites of action.
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The PI3K/AKT pathway exhibits extensive and bidi-
rectional crosstalk with the cell cycle regulatory ma-
chinery, creating a sophisticated network that enables 
cancer cells to develop resistance to CDK4/6 inhibitors. 
This molecular interplay occurs at multiple levels and 
involves direct protein-protein interactions, post-trans-
lational modifications, and transcriptional regulation. 
At the protein level, resistant cells characteristically 
display concurrent upregulation of multiple cyclins (A, 
E, and D1), activated phospho-CDK2, and elevated 
phospho-AKT levels  41. This coordinated activation 
pattern suggests a mechanistic link between AKT 
signaling and cell cycle regulation. AKT directly phos-
phorylates and inactivates p27Kip1, a CDK inhibitor 
that normally inhibits CDK2 activity 42. By neutralizing 
p27Kip1, activated AKT releases CDK2 from inhibi-
tion, allowing the formation of active Cyclin E-CDK2 
complexes that drive S-phase entry, despite CDK4/6 
blockade. AKT promotes cyclin D1 expression through 
multiple mechanisms. AKT phosphorylates and inhib-
its glycogen synthase kinase 3β (GSK3β), which nor-
mally targets cyclin D1 for proteasomal degradation 25. 
By stabilizing the cyclin D1 protein, AKT enhances the 
formation of cyclin D1-CDK4/6 complexes, potentially 
overwhelming the inhibitory capacity of CDK4/6 inhib-
itors through a mass-action effect. Furthermore, AKT 
activates mTORC1-mediated protein synthesis of cy-
clins and other cell cycle regulators, maintaining their 
expression despite CDK4/6 inhibition 43.

PTEN loss as a driver of cross-resistance

PTEN loss represents a critical mechanism for both 
intrinsic and acquired resistance to CDK4/6 inhibitors 
in HR+/HER2- breast cancer (7, 44). The molecular 
consequences of loss of PTEN are multifaceted. First, 
PTEN deficiency leads to constitutive activation of the 
PI3K/AKT/mTOR signaling cascade, which serves as 
a bypass pathway when CDK4/6 is inhibited  26. This 
hyperactivation of AKT signaling promotes cell sur-
vival by inhibiting pro-apoptotic factors, such as BAD 
and caspase-9, while simultaneously driving cell cycle 
progression despite CDK4/6 inhibition. Second, PTEN 
loss facilitates reactivation of the AKT-mTORC1 path-
way in breast cancers treated with CDK4/6 inhibitors, 
enabling the translation of key cell cycle proteins even 
when canonical CDK4/6 activity is blocked  45. Nota-
bly, PTEN loss has been identified as a mediator of 
clinical cross-resistance to both CDK4/6 and PI3Kα 
inhibitors, suggesting shared resistance mechanisms 
between these therapeutic classes  44. This cross-
resistance phenomenon has significant implications 
for treatment sequencing strategies for breast cancer 
management.

PIK3CA mutations in resistance development

PIK3CA mutations, which encode the p110α cata-
lytic subunit of class I PI3K, represent a significant 
mechanism for both intrinsic and acquired resistance 
to CDK4/6 inhibitors in HR+/HER2- breast cancer. 
These activating mutations, predominantly occur-
ring in hotspot regions within the helical (p.E542K, 
p.E545K) and kinase (p.H1047R) domains, lead to 
constitutive activation of PI3K signaling, independent 
of upstream receptor tyrosine kinase activity 46.
Liquid biopsy analyses have revealed that PIK3CA 
mutations are associated with reduced sensitivity to 
CDK4/6 inhibitors in metastatic breast cancer patients, 
with mutated patients showing significantly shorter 
progression-free survival compared to wild-type coun-
terparts (7.44 vs 12.9 months) 47. This clinical observa-
tion is supported by mechanistic studies demonstrat-
ing that PIK3CA/AKT1 mutations reduce the efficacy 
of palbociclib in breast cancer cells through constitu-
tive activation of downstream AKT signaling 48. The re-
sistance mechanism involves amplification of the mu-
tant PIK3CA allele in some cases, leading to upregu-
lation of PI3K signaling, which enables cells to regain 
proliferative capacity despite CDK4/6 inhibition 49. This 
amplification phenomenon suggests an adaptive re-
sponse under therapeutic pressure, wherein cancer 
cells selectively enhance oncogenic signaling path-
ways to circumvent drug-induced growth inhibition.

ESR1 gene alterations as mechanism of endocrine 
therapy resistance

ESR1 mutations represent a predominant mechanism 
of acquired endocrine therapy resistance, occurring pri-
marily in the ligand-binding domain (LBD) of estrogen 
receptor alpha 50. These mutations lead to constitutive 
ligand-independent receptor activation, allowing tumor 
cells to proliferate despite estrogen deprivation 51. While 
rare in primary treatment-naïve tumors (~1%), ESR1 
mutations are detected in approximately 10-50% of 
metastatic endocrine-resistant breast cancers, sug-
gesting their emergence under the selective pressure 
of endocrine therapy 52. The most common ESR1 mu-
tations (p.Y537S, p.Y537N, p.Y537C, and p.D538G) 
stabilize the receptor in an agonist conformation, pro-
moting coactivator recruitment, even in the absence 
of estrogen  53. Notably, these mutations occur more 
frequently following aromatase inhibitor therapy than 
selective estrogen receptor modulators (SERMs) or se-
lective estrogen receptor degraders (SERDs) and are 
associated with more aggressive disease behavior and 
worse clinical outcomes  54. In addition to point muta-
tions, alterations in ER expression, including ESR1 am-
plification and transcriptional upregulation, can drive 
resistance by increasing the overall ER signaling ca-
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pacity, potentially overwhelming the inhibitory effects of 
endocrine therapies 55. Additionally, changes in the bal-
ance of ER co-regulators, including increased expres-
sion of coactivators (e.g., SRC-1, SRC-3) or decreased 
expression of corepressors (e.g., NCoR, SMRT), can 
enhance ER transcriptional activity despite endocrine 
therapy 56.

Therapeutic strategies to address drug 
resistance

Targeting PI3K/AKT/mTOR pathway

Activation of the PI3K/AKT/PTEN pathway can be tar-
geted with specific PI3Kα inhibitors, such as alpelisib 
and inavolisib, and the pan-AKT inhibitor capivaser-
tib 57. These alterations are mainly caused by activat-
ing mutations in the PIK3CA gene encoding the alpha 
isoform of the catalytic subunit (p110) of PI3K 10. 
The most common mutations in PIK3CA (EN-
SG00000121879) are located in the helix domain 
(exon 9, E542 and E545 residues) and at position 
H1047 in exon 20  58. The two mutations in the helix 
domain cause a substitution from glutamic acid (E - 
Glu) to lysine (K - Lys), whereas in exon 20, the muta-
tion changed the amino acid from histidine (H - His) 
to arginine (R - Arg). In all three cases, the final effect 
is a hyperactivation of the PI3K enzyme and constitu-
tive activation of downstream AKT 59. Another poten-
tially relevant is AKT1 gene, which is altered in ap-
proximately 10% of HR+/HER- tumors. Interestingly, 
AKT1 mutations are rare in PIK3CA mutated HR+/
HER- breast cancer, suggesting that the prevalence 
of pathway mutations is even more quantitatively 
relevant21. Inactivating mutations in the PTEN gene, 
which result in loss of its tumor suppressor function, 
further increase the percentage of patients with altera-
tions in the PI3K/AKT/PTEN pathway 14,16,23. In terms 
of clinical actions, alterations in the PI3K/AKT/PTEN 
pathway render the tumors potentially susceptible to 
treatment with specific inhibitors of the pathway, as 
demonstrated in different trials 
In the initial evaluation of the mTOR inhibitor 
everolimus, targeting theraptor/mTOR complex 1 
(mTORC1), in the phase III randomized BOLERO-2 
trial showed that everolimus plus exemestane almost 
doubled PFS compared to exemestane and placebo 
in patients with HR+/HER- advanced breast cancer 
relapsing or progressing on ET, although the subse-
quent overall survival (OS) analysis did not show any 
significant improvement  60. The use of a pan-PI3K 
inhibitor (buparlisib) in combination with fulvestrant 
was investigated in the BELLE-2 trial. The results 

of the trial showed potential benefits in PFS but not 
in OS with the use of PI3K inhibitors; toxicity issues 
associated with the use of a pan inhibitor precluded 
further investigations  61. Significant benefits were 
observed when an alpha-specific PI3K inhibitor was 
used. The phase III randomized SOLAR-1 trial was 
conducted in patients with PIK3CA-mutated, HR+/
HER- advanced breast cancer relapsing to previous 
ET. Patients were randomized to receive the specif-
ic alpha PI3K inhibitor alpelisib in combination with 
fulvestrant or placebo plus fulvestrant. Alpelisib sig-
nificantly improved PFS (11.0 months vs 5.7 months, 
HR = 0.65; 95% CI, 0.50 to 0.85) and induced signifi-
cant benefits also in terms of OS (39.3 months ver-
sus 31.4 months in the placebo group); HR = 0.86; 
95% CI, 0.64-1.15)  3. Based on these results, the 
combination was approved by the FDA for the treat-
ment of PIK3CA-mutant, ET-resistant, HR+/HER- ad-
vanced breast cancer. The benefit of the combination 
alpelisib and fulvestrant was further confirmed in a 
real-life setting 62. 
Another PI3K inhibitor (inavolisib) was recently ap-
proved by the FDA in combination with palbociclib 
and fulvestrant for treatment of endocrine-resistant, 
PIK3CA-mutated, HR+/HER2-negative advanced 
breast cancer  18, 19. The pivotal trial INAVO120 test-
ed inavolisib in the first-line setting in patients with 
PIK3CA-mutated, HR+/HER- advanced breast can-
cer who had had relapse during or within 12 months 
after the completion of adjuvant endocrine therapy. 
INAVO120 showed clinical efficacy of the addition of 
first-line inavolisib to CDK4/6i and ET in endocrine-
resistant patients with metastatic progression or 
within 1 year of adjuvant ET, in term of PFS (15.0 
vs 7.3 months, HR  =  0.43; 95% CI, 0.32 to 0.59; 
P < 0.001) and trended toward better OS (stratified 
HR =  0.64, 95% CI, 0.43 to 0.97; P = 0.03, which did 
not cross the predefined boundary for significance 
of < 0.0098)) 18.
The AKT inhibitor (capivasertib) was tested in the 
phase III CAPItello-291 trial 63. Capivasertib is an oral 
kinase inhibitor of all AKTs  1-3 that blocks the phos-
phorylation of its downstream substrates of AKT. At 
the preclinical level, the drug has demonstrated dif-
ferential activity in different models, including ER–
positive breast cancer models with alterations in 
PIK3CA, AKT1, and PTEN 5. In phase III trials, capiv-
asertib showed significant benefits by improving PFS 
in patients with HR+/HER2- breast cancer harboring 
mutations in PIK3CA, AKT1, or PTEN, and was sub-
sequently approved by the FDA, and subsequent by 
EMA in combination with fulvestrant in patients pro-
gressing from first-line therapy 16, 17.
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Use of novel endocrine therapies

Relative to ET, one of the major resistance mecha-
nisms (mainly related to the use of aromatase inhibi-
tors) is related to the presence of mutations in the 
ESR1 that confer ligand-independent and constitutive 
activation of the receptor. This constitutive ER activa-
tion-associated resistance can be bypassed by drugs 
that degrade the ER. Fulvestrant was one of the first 
drugs to act with this mechanism; however, it did not 
induce a significant increase in PFS 64. Oral SERDs 
represent a significant advancement in the treatment 
of HR+/HER2- breast cancer, with elacestrant lead-
ing as the first FDA- and EMA-approved oral SERD 
specifically for ESR1-mutated disease 65. Elacestrant 
functions by competitively displacing estradiol and 
inducing conformational changes in estrogen recep-
tor alpha (ERα) that are incompatible with transcrip-
tional activation, forming critical interactions with he-
lices H3, H5, H6, and H11 66. In the pivotal phase III 
EMERALD trial, elacestrant demonstrated significant 
improvement in PFS compared with standard endo-
crine therapy, particularly in patients with ESR1 mu-
tations who had received CDK4/6 inhibitors for ≥12 
months  67. Several other oral SERDs are in various 
stages of clinical development, with mixed results: 
camizestrant showed a superior PFS benefit versus 
fulvestrant in the phase II SERENA-2 68 and proved to 
improve outcomes also in the upfront use in the phase 
III SERENA-6 trials  69, while giredestrant and am-
cenestrant failed to demonstrate PFS improvement in 
their respective pivotal trials 70. Additional compounds 
in development include imlunestrant and other novel 
SERDs, that have been shown to improve PFS in the 
EMBER-3 clinical trial, with or without the combination 
with abemaciclib, with ongoing trials evaluating com-
binations of targeted therapies and potential applica-
tions in early-stage breast cancer 65. Notably, different 
SERDs employ distinct molecular mechanisms for 
ERα degradation, suggesting that their sequential use 
may offer therapeutic advantages in treatment strate-
gies 71. The spectrum of compounds under develop-
ment is broad, and include novel agents that function 
as inhibitors of ER, including Complete Estrogen Re-
ceptor Antagonist (CERAN, e.g., palazestrant), selec-
tive estrogen receptor-α covalent antagonist (SERCA, 
e.g., H3B-6545), and (PROTAC, es., vepdegestrant). 
Collectively, these oral new endocrine agents repre-
sent a promising therapeutic approach that can poten-
tially overcome the limitations of existing treatments, 
particularly in patients with ESR1 mutations that drive 
resistance to conventional endocrine therapies.

Methodological aspects

In the era of precision medicine, the advent of next-
generation sequencing (NGS) platforms has revolution-
ized the analytical paradigm to select tumor patients 
who can benefit from targeted treatment 72. In particu-
lar, NGS systems allow the detection of low-frequen-
cy molecular alterations in a wide range of biological 
samples, including scant diagnostic specimens, such 
as small biopsies, cytological preparations, and liquid 
biopsies  73. These sampling approaches are affected 
by the low abundance of nucleic acids, which impacts 
the clinical stratification of patients with tumor  74. Un-
like singleplex technologies that can identify a few ref-
erenced alterations, NGS platforms comprehensively 
evaluate the molecular landscape of target regions, 
improving the detectability of clinically actionable mo-
lecular alterations  75. Moreover, NGS systems dem-
onstrate higher technical sensitivity and specificity for 
detecting low-abundance molecular alterations in scant 
biological sources (tissue and liquid biopsy samples) 
than conventional techniques 76. Given these advantag-
es, NGS strategies have been successfully adopted in 
diagnostic algorithms to identify mutations/alterations 
in the PI3K/AKT pathway in advanced breast cancer 
ER+/HER2-relapsing after endocrine and CDK inhibi-
tors, dynamically fingerprinting the molecular land-
scape of tumor patients 10. Despite these advantages, 
several limitations drastically impact the widespread 
use of NGS techniques in the genomic profiling of ad-
vanced BC patients. NGS systems are affected by high 
technical costs and require highly trained personnel to 
easily administer analytical procedures and clinically 
interpret the molecular records 10. Moreover, NGS as-
says may be grouped into targeted and comprehensive 
genomic profiling (CGP) depending on the reference 
region covered by the panel 77. If target NGS panels are 
designed to cover actionable alterations across clini-
cally informative genes, CGPs enable a profiles of wide 
genome regions, by calculating complex genomic hall-
marks (TMB – Tumor Mutational Burden, HRD – Ho-
mologous Recombination Deficiency, and MSI – Mic-
roSatelllite Instability - status) 78. These strategies show 
integrative technical advantages in detecting clinically 
relevant alterations in the PI3K/AKT pathway 7. Target 
NGS panels highlight higher technical sensitivity, for 
detecting clinically informative molecular alterations in 
scant diagnostic samples, while CGP procedures do 
not successfully detect molecular alterations in low-
quality/quantity diagnostic samples. Conversely, target 
NGS strategies may be affected by a limited reference 
range compared with the CGPsC Assay, which covers 
all genomic regions with actionable alterations 79.
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International guidelines

International guidelines have indicated a panel of 
mandatory testing genes to optimize the clinical 
stratification of advanced BC patients 80. Because of 
the rapidly evolving molecular landscape, NGS sys-
tems are recommended as upfront testing strategies 
to evaluate the molecular assessment of real-world 
clinical patients 81. Notably, the ESMO Precision Medi-
cine Working Group recommends NGS-based strat-
egies to assess molecular hallmarks in BC patients, 
covering ESCAT 1 alterations able to select BC pa-
tients for personalized treatments 82. Not surprisingly, 
the diagnostic workflows designed for NGS systems 
is affected by the lack of analytically validated and 
harmonized procedures, which drastically affect di-
agnostic implementation to guide clinical decision-
making processes for BC patients 77. Consequently, a 
plethora of commercially available NGS assays may 
be adopted to analyze clinically relevant biomarkers 
in BC patients 52. On this basis, sequencing strategies 
may be distinguished in terms of the reference range 
(target panel, CGP – Comprehensive Genomic Profil-
ing - assay), analytical sensitivity (limit of detection, 
- LOD) and biological input (genomic DNA, circulating 
nucleic acids) 83. International and national societies 
have focused on technical limitations in the clinical 
application of NGS systems to assess the genomic 
profile of BC patients 84. Remarkably, harmonized pre-
analytical (from sample collection to nucleic acid pu-
rification), analytical (from the selection of the most 
adequate NGS panel for data analysis), and post-
analytical procedures (interpretation and sharing of 
molecular records with oncologists) are recommend-
ed to fill the gap between clinical trials and routine 
diagnostic practice in selecting BC patients eligible 
for target treatments 84. In the same scenario, a con-
sensus panel of experts was established to clarify the 
challenging points in the technical evaluation of mo-
lecular fingerprints of BC patients. In particular, NGS 
testing has emerged as the most useful diagnostically 
available solution to comprehensively cover all action-
able alterations across clinically relevant biomarkers 
in BC patients, but singleplex technologies may also 
play a crucial role in the diagnostic setting 85. In par-
ticular, the vast majority of PIK3CA hotspot activating 
mutations can be detected using RT-PCR platforms, 
whereas HER2 analysis could also be approached via 
IHC, supporting the integrative role of technical strate-
gies to perform molecular analysis of BC patients 46. 
Additionally, it has been suggested that mBC patients 
should be included in trials when eligible for target-
ed treatment in accordance with AKT1, PTEN, and 
ESR1 genomic alterations 86. Consequently, updated 
recommendations heavily support NGS platforms as 

the most appropriate diagnostic strategy to analyze 
both tissue and liquid biopsy samples from patients 
with advanced ER+/HER2- BC 82. In this scenario, the 
clinical frame to elicit ESR1 resistance mutations af-
ter endocrine relapse is also crucial for successfully 
adopting highly sensitive NGS platforms 53. Converse-
ly, PIK3CA/AKT1/PTEN actionable alterations are 
recommended to be found by NGS systems in bas-
al settings, demonstrating the pivotal role of NGS in 
detecting clinically informative alterations in different 
clinical frames 63, 87. These recommendations were de-
rived from pivotal clinical trials using gene sequencing 
to inform treatments, including EMERALD and CAPI-
tello-291.
Given the PI3K/AKT/PTEN pathway, PIK3CA action-
able mutations occur in 40.0% of advanced ER+/
HER2- BC patients  88, whereas PTEN and AKT1 al-
terations are less frequent in the target population 
(5.0-10.0 and 2.0-5.0%, respectively), demonstrating 
significant clinical implications. Considering the het-
erogeneous landscape of clinically relevant PIK3CA 
mutations, technologies (able to capture all targeted 
PIK3CA variants) play a central role in the clinical 
management of ER+/HER2- BC patients 46. FDA ap-
proved Therascreen® PIK3CA RGQ Real-time PCR 
assay (able to cover 11 hotspot mutations across 
exons 7, 9, and 20) as a companion diagnostic test 
to detect PIK3CA hot-spot alterations starting from 
FFPE (Formalin-Fixed and Paraffin-Embedded) and 
liquid biopsy samples  89. Despite being a less time-
consuming and easily interpretable system, Ther-
ascreen® PIK3CA RGQ real-time PCR assay is 
affected by a scant reference range excluding from 
target treatment a non-negligible percentage of BC 
patients (16.0-21.0%). Moreover, negative results on 
liquid biopsy need to be confirmed in paired tissue 
samples, clinically impacting the turnaround time 
(TAT) of clinical reporting. Conversely, NGS platforms 
comprehensively evaluate PIK3CA druggable muta-
tions in tissue and blood specimens using targeted 
NGS panels in routine diagnostic settings  10. As a 
scalable and time-saving strategy, NGS systems are 
selected as an upfront testing approach in the vast 
majority of institutions involved in molecular tests 90. In 
addition, activating mutations in the PI3K/AKT/PTEN 
pathway may also be derived from AKT1 and PTEN, 
supporting the clinical implementation of NGS plat-
forms to administer ER+/HER2- BC patients 91. Con-
sequently, heterogeneous activating mutations (point 
mutations/deletion/amplification) can be simultane-
ously detected using NGS systems. In this scenario, 
identification of PTEN alterations still represents an 
opening challenge due to the “PTEN loss” phenotype, 
depending on several molecular hallmarks affecting 



NGS-BASED SELECTION OF PATIENTS FOR TARGETED THERAPY 553

protein function. IHC could represent an integrative, 
feasible, and cost-saving method to detect PTEN loss 
in FFPE samples 92. Although IHC is highly standard-
ized in the diagnostic routine stage, genomic analysis 
is recommended to comprehensively capture all ge-
nomic hallmarks of “PTEN loss” and other clinically 
actionable alterations in the PI3K/AKT/PTEN pathway.

Source of samples

Another challenge is the selection of the most insight-
ful biological material for patients with BC. Of note, 
both tissue and liquid biopsy samples may be collect-
ed to successfully perform molecular analysis of pre-
dictive biomarkers selecting patients with BC for the 
best therapeutic option. In particular, tissue and liq-
uid biopsies may be considered complementary bio-
sources for collecting genomic data at different time 
points 93. On this basis, tissue samples (small biopsy, 
surgical resections) are routinely considered the gold 
standard materials for molecular tests, evaluating the 
neoplastic cell percentage of each sample 94. Not sur-
prisingly, patients with advanced BC may be affected 
by scant FFPE samples, decreasing the detection rate 
of actionable alterations in routine diagnostic practice. 
Conversely, actionable alterations may be found in 
30.0-40.0% of BC patients who relapse after the first 
line of endocrine therapy 95. Given the dynamic collec-
tion of liquid biopsies, peripheral blood is recommend-
ed to identify actionable ESR1 alterations in patients 
with advanced BC or to integrate genomic profiles 
when tissue samples are not sufficient for molecular 
analysis. Liquid biopsy has emerged as a dynamic 
and insightful source of nucleic acids complementing 
molecular analysis when scant samples are the only 
biological source eligible for molecular testing  96. As 
suggested, pre-preanalytical handling procedures for 
liquid biopsy samples should be accurately carried out 
while preserving ccfDNA (circulating cell-free DNA). 
In particular, plasma separation (containing ccfDNA 
affected by a half-life of 15 min) is mandatory within 
1 h after peripheral blood withdrawal (in EDTA tubes). 
When shipping procedures require a longer period, 
dedicated collection tubes may stabilize ccfDNA up 
to 7 days 97.

Timing of molecular test

In first-line treatment of ER+/HER2- advanced BC 
patients, PI3K/AKT/PTEN molecular assessment is 
considered a negative prognostic factor that does not 
impact first-line treatment options 88. Not surprisingly, 
a combination strategy based on PI3K inhibitor (PI-
3Ki) plus palbociclib and fulvestrant prolongs PFS 
in ET-resistant, HR+/HER2- patients  19, suggesting 
that upfront genomic profiling may significantly mod-

ify the clinical paradigm of BC patients. Considering 
that approximately 30.0% of patients with HR+/HER2- 
metastatic BC are endocrine-resistant at first-line, a 
relevant percentage of patients with PIK3CA-mutant 
could benefit from an upfront testing strategy 98.
In addition, genetic alterations may be present at di-
agnosis; therefore, molecular fingerprinting of tumor 
patients guides the treatment decision-making pro-
cess of the second-third line in patients relapsing af-
ter ET and CDK4/6 treatment 37. However, sub-clon-
al druggable molecular alterations at diagnosis may 
be enriched in relapsing patients, paving the way 
for molecular monitoring of BC patients owing to 
high-throughput technologies. Despite this significant 
evidence, if molecular tests are not performed before 
implementing first-line treatment, the most adequate 
biological source (tissue or peripheral blood) should 
be genotyped after first-line relapse to optimize clini-
cal stratification of BC patients 99.

Conclusions 

In the era of precision medicine, patients with ER +/
HER2-advanced BC may benefit from targeted drugs 
that can improve clinical benefit compared with con-
ventional treatments. On this basis, molecular as-
sessment of tumor patients is mandatory to guide 
therapeutic decision-making procedures for patients 
who relapse after standard-of-care therapy. In 2024, 
the European Society for Medical Oncology (ESMO) 
Precision Medicine Working Group updated previous-
ly designed practical recommendations guiding the 
clinical implementation of NGS-based testing strate-
gies for patients with metastatic cancers  84. Notably, 
clinical reporting of actionable alterations should be 
supported by a ranking system based on the ESMO 
Scale of Clinical Actionability of Molecular Targets 
(ESCAT), which easily shares all clinically relevant 
molecular records with medical oncologists. More-
over, the widespread diffusion of NGS systems affects 
the detectability of non-clinically significant molecular 
alterations, stressing the need for harmonized tech-
nical protocols in the molecular profiling of BC pa-
tients. A prospective trial on HR+/HER2-advanced 
BC patients evaluated the impact of targeted therapy 
matched with genomic profiling (and hence with spe-
cific genomic alterations) on the clinical outcome of 
BC patients. Not surprisingly, target therapy/genomic 
alterations in matched predictive biomarkers showed 
better PFS when genomic alterations were ESCAT I/
II (100). In 70.0% of ER+/HER2- BC cases, genomic 
analysis significantly modifies clinical outcome un-
der targeted treatment. Of note, technical limitations 
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depending on scant reference and/or low sensitivity 
techniques combined with the heterogeneous dis-
tribution of subclonal clinically actionable mutations 
dramatically impact the identification of BC patients 
who could benefit from targeted therapy at diagnosis. 
Consequently, misidentification of these clinically rel-
evant mutations may affect the rapid shift of treatment 
in relapsing BC patients. The rapidly evolving scenar-
ios of predictive biomarkers will optimize the clinical 
stratification of advanced BC patients, demonstrating 
how genomic profiles will progressively become a key 
player in the clinical management of these patients. 
In this scenario, NGS remains the most adequate 
technical solution, which simultaneously covers all the 
actionable mutations in driver genes. On this basis, 
the widespread diffusion of NGS platforms in upfront 
diagnostic workflows is supported by the commercial 
availability of NGS systems that are more scalable, 
easier to use, and less expensive than the older-gen-
eration sequencing systems. Moreover, the lack of ad-
equate tissue material in 20.0-30.0% of patients with 
advanced BC requires integrative tools to carry out 
molecular analysis. Liquid biopsy is a dynamic, less 
invasive, and easily to-collect source of nucleic acids 
that integrates genomic profiles. Despite these ad-
vantages, tissue specimens remain the gold standard 
for molecular testing because the low abundance of 
cfDNA in blood torrent requires highly sensitive tech-
nologies to detect clinically relevant molecular altera-
tions in real-world settings. Given the rapid diffusion of 
NGS systems in diagnostic practice, multidisciplinary 
teams including oncologists, pathologists, molecular 
biologists, surgeons, nurses, technicians, bioinfor-
matics, and geneticists are needed to successfully 
administrate all challenging procedures of the testing 
journey of BC patients. Molecular records shared on 
clinical reports should be clearly interpretable by cli-
nicians, containing only clinically relevant data in the 
main page (for example, ESCAT I/II actionability level). 
In addition, analytical parameters (tested genes, run 
quality checks) supporting analytical validation of test-
ing procedures should also be defined. The discovery 
of new potential targets, and/or new drugs specifically 
blocking tumors with genomic alterations, is likely to 
increase in the next future, requiring comprehensive 
technical platforms able to identify clinically significant 
genomic signatures starting from diagnostic routine 
samples (Fig. 2).
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