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ABSTRACT

Resistance to endocrine therapy (ET) is common in patients
with hormone receptor positive (HR+) advanced breast can-
cer (ABC). Consequently, new targeted treatment options
are needed in the post-ET setting, with validated bio-
markers to inform treatment decisions. Hyperactivation of
the phosphoinositide 3-kinase (PI3K) signaling pathway is
common in ABC and is implicated in resistance to ET. The
most frequent mechanism of PI3K pathway activation is
activating mutations or amplification of PIK3CA, which
encodes the α-isoform of the catalytic subunit of PI3K.
Combining buparlisib, a pan-PI3K-targeted agent, with ET
demonstrated modest clinical benefits in patients with aro-
matase inhibitor-resistant, HR+, human epidermal growth
receptor 2 negative (HER2−) ABC in two phase III trials.
Importantly, greater efficacy gains were observed in indi-
viduals with PIK3CA-mutated disease versus PIK3CA-wild-

type tumors. Although the challenging safety profile did
not support widespread use of this treatment combina-
tion, isoform-selective PI3K inhibitors may improve tolera-
bility. In early clinical trials, promising disease control
benefits were demonstrated with the PI3K isoform-
selective inhibitors alpelisib and taselisib in patients with
PIK3CA-mutated HR+, HER2− ABC. Ongoing biomarker-
guided phase II/III studies may provide further opportuni-
ties to identify patients most likely to benefit from
treatment with PI3K inhibitors and provide insight into
optimizing the therapeutic index of PI3K inhibitors.
Challenges facing the implementation of routine PIK3CA
mutation testing must be addressed promptly so robust
and reproducible genotyping can be obtained with liquid
and tumor biopsies in a timely and cost-effective manner.
The Oncologist 2019;24:305–312

Implications for Practice: The development of phosphoinositide 3-kinase (PI3K) inhibitors, especially those that selectively
target isoforms, may be an effective strategy for overcoming endocrine therapy resistance in hormone receptor positive,
human epidermal growth receptor 2 negative advanced breast cancer. Early-phase studies have confirmed that patients
with PIK3CA mutations respond best to PI3Kα-isoform inhibition. Ongoing phase III trials will provide further data regarding
the efficacy and safety of PI3K inhibitors in patients with different biomarker profiles.

INTRODUCTION

Approximately 75% of breast cancers express the estrogen
receptor (ER) and/or the progesterone receptor, indicating
a degree of estrogen dependence for cancer cell growth
and tumorigenesis [1, 2]. Endocrine-based single-agent or
combination therapy is the established standard of care
for postmenopausal women with hormone receptor positive

(HR+), human epidermal growth receptor 2 negative (HER2−)
advanced breast cancer (ABC) [3–5]. An estimated 20%–40%
of patients with HR+ ABC respond to single-agent endocrine
therapy (ET), with a median duration of response (DOR) of
approximately 8–14 months [6]. However, many patients with
HR+ ABC encounter de novo resistance (nonresponsiveness to
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first-line ET) or acquired resistance (relapse despite initial
response), which poses a major clinical challenge [1, 6].

The molecular mechanisms of endocrine resistance may
include disruption of the ER pathway itself or alterations
in the cell cycle and cell survival signaling pathways [7, 8].
Dysregulation of the cyclin D-cyclin-dependent kinase (CDK)-
retinoblastoma pathway is an important contributor to ET
resistance, and several CDK4/6 inhibitors are now approved in
combination with ET for the treatment of advanced/recurrent
HR+, HER2− breast cancer [7, 9–11]. Another key mechanism
of endocrine resistance is hyperactivation of the phosphoinosi-
tide 3-kinase (PI3K)/mammalian target of rapamycin (mTOR)
pathway [12]. PI3Ks regulate many cellular processes, including
cell proliferation and differentiation, as well as cancer cell
growth, survival, and metastasis [1, 13, 14]. Aberrant PI3K
pathway signaling is associated with poor prognosis in several
cancer types [15] and is the most commonly activated pathway
in breast cancer. The main alterations are mutations in PIK3CA
and, less frequently, mutations in PIK3R1 encoding the PI3K
regulatory subunit p85α, the PI3K effector AKT1 and 2, and loss
of the lipid phosphatases phosphatase and tensin homolog
(PTEN) and inositol polyphosphate-4-phosphatase type II B [14,
16]. These aberrations promote tumor growth, disease pro-
gression, and resistance to anticancer therapies [1, 15]. In vitro
data indicate that endocrine-resistant cells rely on PI3K/mTOR
signaling for growth and are extremely sensitive to inhibition
of this pathway [12, 17]. Furthermore, PI3K and/or mTOR inhi-
bition can restore sensitivity of anti-estrogen-resistant breast
cancer cells to ET, providing strong rationale for PI3K/mTOR
inhibition combined with ET in the treatment of HR+ breast
cancer [12, 18, 19]. The effectiveness of this dual inhibition
strategy was shown in a phase III study of the mTOR inhibitor
everolimus, resulting in its approval in combination with the
aromatase inhibitor (AI) exemestane for the treatment of post-
menopausal women with HR+, HER2− ABC, recurring or pro-
gressing after prior nonsteroidal AI [20–22]. Inhibition of the
PI3K/mTOR pathway may also help overcome acquired resis-
tance to CDK4/6-targeted therapy. The PI3K/mTOR pathway
has been shown to be active in breast cancer cells resistant to
a CDK4/6 inhibitor; these drug-resistant cells remained sensi-
tive to treatment with inhibitors of PI3K or mTOR combined
with ET and/or CDK4/6 inhibitors [23, 24]. Consequently, use
of PI3K inhibitors after progression on a CDK4/6 inhibitor is
now being investigated in clinical settings [23, 24].

To further improve the treatment of HR+, HER2− ABC, addi-
tional therapies beyond the currently approved targeted agents
(CDK4/6 and mTOR inhibitors) are needed to provide postpro-
gression treatment options and delay chemotherapy for as long
as possible. Moreover, biomarkers of response to different
targeted therapies are needed to inform treatment decisions
and provide the ideal sequence of targeted therapies. In this
review, we summarize preclinical and clinical studies regarding
potential biomarkers of PI3K pathway activation in HR+, HER2−
ABC, and discuss emerging opportunities for PI3K-targeted ther-
apy based on biomarker status in this patient population.

MATERIALS AND METHODS

A comprehensive literature review of the PubMed data-
base concerning PI3K in breast cancer was performed. The

search terms “biomarker,” “PI3K,” and “breast cancer” were
used. The search was limited to articles concerning human
subjects published in English. Reference lists of key papers
were also reviewed. In addition, unpublished abstracts
were identified by searching resources such as the American
Society of Clinical Oncology, the American Association for
Cancer Research, the European Society for Medical Oncology,
and the San Antonio Breast Cancer Symposium scientific
programs.

The PI3K Pathway in ABC
Overactivation of the PI3K pathway can occur through loss of
function of the tumor suppressor PTEN, a key negative regu-
lator of PI3K pathway activity [15]. In addition to PTEN loss,
constitutive mTOR complex 1 signaling can also result from
loss of tuberous sclerosis complex (TSC1 and TSC2) function
[1, 25]. However, the most common mechanism of PI3K path-
way activation is activating mutations or amplification of
PIK3CA, the gene that encodes the α isoform of the catalytic
subunit (p110) of PI3K [15, 26]. PIK3CA is one of the most
frequently mutated genes in breast cancer, with somatic
mutations occurring in up to 40% of ER+ breast tumors, and
these mutations also have prognostic value [16, 27–30].

At present, activated PI3K pathway biomarkers in HR+,
HER2− ABC do not guide treatment decisions as no CDK4/6
or mTOR inhibitors currently approved for HR+, HER2− ABC
have demonstrated superior efficacy in patients with versus
without PIK3CA-mutated tumors [31–33]. However, phase
III trials of investigational PI3K inhibitors suggest patients
may derive differential benefit depending on their tumors’
PIK3CA mutation status [34–36].

At present, activated PI3K pathway biomarkers in
HR+, HER2− ABC do not guide treatment decisions
as no CDK4/6 or mTOR inhibitors currently
approved for HR+, HER2− ABC have demonstrated
superior efficacy in patients with versus without
PIK3CA-mutated tumors. However, phase III trials of
investigational PI3K inhibitors suggest patients may
derive differential benefit depending on their
tumors’ PIK3CA mutation status.

Clinical Studies Evaluating Pan-PI3K Inhibitors in
HR+, HER2− ABC
Combining PI3K-targeted therapy and ET has clinical bene-
fits in the AI-resistant HR+, HER2− ABC setting, demonstrated
by the BELLE-2 and BELLE-3 phase III trials [34, 35]. These
studies recruited postmenopausal women with AI-resistant,
HR+, HER2− metastatic breast cancer (all patients had
received prior mTOR therapy in BELLE-3), randomized to
receive fulvestrant plus the pan-PI3K inhibitor buparlisib
or placebo [34, 35]. Randomization was stratified by PI3K
activation status (BELLE-2) and visceral disease (BELLE-2 and
BELLE-3) [34, 35]. In the overall populations of both studies,
median progression-free survival (PFS) in the buparlisib arm
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versus the placebo arm was improved by approximately
2 months (BELLE-2: 6.9 vs. 5.0 months; BELLE-3: 3.9 vs.
1.8 months; Table 1) [34, 35].

Importantly, exploratory analyses from both studies
suggest that assessment of PIK3CA mutations using circu-
lating tumor DNA (ctDNA) may help identify patients who
are more likely to benefit from adding a PI3K inhibitor to
ET [34, 35]. A consistent treatment benefit from the addition
of buparlisib to fulvestrant was observed in patients with
PIK3CA mutations detected in ctDNA at study entry. In
BELLE-2, 32% of patients harbored PIK3CA mutations, and
median PFS was improved by approximately 4 months with
buparlisib plus fulvestrant versus placebo plus fulvestrant in
patients with PIK3CA mutations (7.0 vs. 3.2 months). Patients
with wild-type PIK3CA in ctDNA experienced no PFS benefit
from adding buparlisib versus placebo to fulvestrant (6.8
vs. 6.8 months; Table 1) [34]. This effect was also reflected
in the tumor response rates [34]. In BELLE-3, patients with
PIK3CA-mutated ctDNA (61%) who received buparlisib plus
fulvestrant also had substantially longer median PFS than
individuals treated with placebo plus fulvestrant (4.2 vs.
1.6 months). A smaller treatment benefit of buparlisib versus
placebo was observed in patients with PIK3CA-wild-type
ctDNA (3.9 vs. 2.7 months; Table 1) [35]. Concordance of
PIK3CA status between archival tumor tissue and ctDNA
was 77% and 83% in BELLE-2 and BELLE-3, respectively [34,
35]. In BELLE-3, when PIK3CA mutations were assessed by
polymerase chain reaction (PCR) in DNA from archival

tumor tissue, the benefit of adding buparlisib versus pla-
cebo to fulvestrant in patients with PIK3CA mutations (4.7
vs. 1.4 months, assessed by PCR) was similar to findings in
ctDNA (4.2 vs. 1.6 months) [35]. However, in BELLE-2, the
treatment benefit based on genotyping of archival tumor
tissue (Sanger sequencing and/or PTEN loss by immunohis-
tochemistry) was less pronounced than that observed in
ctDNA (6.8 vs. 4.0 months and 7.0 vs. 3.2 months) [34]. The
less pronounced benefit in patients with PI3K pathway-
activated tumors as assessed in tumor tissue in BELLE-2 com-
pared with BELLE-3 could have been due to differences in
the classification of PI3K pathway-activated tumors (PIK3CA
mutations and PTEN loss in BELLE-2, PIK3CA mutations only
in BELLE-3), the sensitivity of the test used to assess PIK3CA
in tumor tissue (Sanger sequencing in BELLE-2, PCR in BELLE-
3), and the different treatment histories of the patient popu-
lations (mTOR inhibitor naïve in BELLE-2, mTOR inhibitor
pretreated in BELLE-3) [34, 35].

In contrast to the BELLE trials, in the phase II FERGI study
evaluating the pan-PI3K inhibitor pictilisib plus fulvestrant in
ER+, HER2− advanced/metastatic breast cancer, PIK3CA
mutation status was not associated with improved PFS
(Table 1) [37]. In FERGI, all but one patient in part 2 of the
study had a PIK3CA mutation, compared with approximately
41% of patients in part 1; the smaller patient numbers evalu-
ated in this subanalysis, as well as the differing methods of
detecting PIK3CAmutations, may make it difficult to interpret
these findings compared with those in the BELLE studies [37].

Table 1. Progression-free survival in phase II/III studies of pan-PI3K inhibitors in hormone receptor positive, human
epidermal growth receptor 2 negative advanced breast cancer

Study
PFS: overall,
months

PFS: PIK3CA status:
ctDNA, months

PFS: PIK3CA/PI3K pathway status:
tumor, months

BELLE-2 [34]
Buparlisib +
fulvestrant (n = 576)
vs. placebo +
fulvestrant
(n = 571)

All (n = 1,147):
6.9 vs. 5.0
HR 0.78
(95% CI 0.67–0.89)
p = .00021

PIK3CA mutant
(n = 200):
7.0 vs. 3.2
HR 0.56
(95% CI 0.39–0.80)
p = .0005

PIK3CA wild-type
(n = 387):
6.8 vs. 6.8
HR 1.05
(95% CI 0.82–1.34)
p = .642

PI3K pathway
activated (n = 372):a

6.8 vs. 4.0
HR 0.76
(95% CI 0.60–0.97)
p = .014

PI3K pathway
nonactivated
(n = 479):a

Not reported

BELLE-3 [35]
Buparlisib +
fulvestrant (n = 289) vs.
placebo + fulvestrant
(n = 143)

All (n = 432):
3.9 vs. 1.8
HR 0.67
(95% CI 0.53–0.84)
p = .00030

PIK3CA mutant
(n = 135):
4.2 vs. 1.6
HR 0.46
(95% CI 0.29–0.73)
p = .00031

PIK3CA wild-type
(n = 213):
3.9 vs. 2.7
HR 0.73
(95% CI 0.53–1.00)
p = .026

PIK3CA mutant
(n = 109):b

4.7 vs. 1.4
HR 0.39
(95% CI 0.23–0.65)
p < .0001

PIK3CA wild-type
(n = 204):b

2.8 vs. 1.7;
HR 0.81
(95% CI 0.59–1.12)
p = .099

FERGI [37]c

Pictilisib + fulvestrant
(part 1 n = 89; part 2
n = 41) vs. placebo +
fulvestrant (part 1
n = 79; part 2 n = 20)

All part 1:
(n = 168):
6.6 vs. 5.1
HR 0.74
(95% CI 0.52–1.06)
p = .096

Not reported Not reported Part 1: PIK3CA
mutant (n = 70):d

6.5 vs. 5.1
HR 0.73
(95% CI 0.42–1.28)
p = .268
Part 2: PIK3CA
mutant (n = 61):
5.4 vs. 10.0
HR 1.07
(95% CI 0.53–2.18)
p = .84

Part 1: PIK3CA
wild-type (n = 84):d

5.8 vs. 3.6
HR 0.72
(95% CI 0.42–1.23)
p = .23

aIn BELLE-2, PI3K pathway-activated tumor status was defined as any mutation detected by Sanger sequencing in PIK3CA exons 1, 7, 9, or 20;
or loss of PTEN expression (<10% of cells with expression level 1+ by immunohistochemistry, and none with level >1+). PI3K pathway nonacti-
vated tumor status was defined as no PIK3CA mutations observed and detectable PTEN expression.
bIn BELLE-3, PIK3CA mutation status in tumor tissue was assessed by the Roche cobas PIK3CA PCR assay, covering exons 7, 9, and 20.
cPart 1 of FERGI recruited patients with PIK3CA-mutant and -wild-type tumors and part 2 enrolled patients with PIK3CA-mutant tumors only.
dIn FERGI, PIK3CA mutation status in tumor tissue was assessed by quantitative real-time PCR.
Abbreviations: CI, confidence interval; ctDNA, circulating tumor DNA; HR, hazard ratio; PCR, polymerase chain reaction; PFS, progression-free
survival; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin homolog.
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Although the BELLE studies provided compelling evidence
that drugs targeting PI3K may have preferential activity in
patients with PIK3CA-mutated tumors, buparlisib had tolera-
bility issues in some patients, likely as a result of the less
selective nature of pan-PI3K inhibitors [38]. In both BELLE
studies, adverse events (AEs) occurring more commonly with
buparlisib versus placebo included hyperglycemia, elevated
alanine aminotransferase and aspartate aminotransferase,
diarrhea, nausea, and mood disorders [34, 35]. Overall, the
risk-benefit profile did not support the widespread clinical
use of buparlisib [34, 35, 38]. However, the promising clinical
activity observed with buparlisib (despite only a 1.9-month
median duration of exposure to buparlisib in BELLE-2) [34]
suggests there could be a place for PI3K inhibitors in the
treatment of ABC if their associated toxicity could be
reduced. Currently, isoform-selective PI3K inhibitors are
under clinical development and may offer efficacy benefits
while avoiding some off-target toxicities seen with pan-PI3K
inhibitors [1, 39].

Selectively Targeting PI3K Isoforms in the Clinic
PI3K isoforms have differing roles in physiologic and patho-
logic cellular processes. Consequently, isoform-selective and
pan-PI3K inhibitors are anticipated to have differing side-
effect profiles, and selectively targeting a particular PI3K
subunit could reduce or prevent some AEs associated with
pan-PI3K inhibition. For example, the PI3K catalytic subunits
p110α and p110β play distinct roles in insulin responses and
energy metabolism. Whereas the p110β isoform appears to
drive tumorigenesis of PTEN-deficient tumors (e.g., brain,
breast, prostate, and endometrium), p110α is responsible for
glucose homeostasis and also participates in Ras-mediated
signaling and cell proliferation [1, 40, 41]. Furthermore, p110α
has a role in tumorigenesis of breast cancer; mutations in
PIK3CA tend to occur early in breast tumor progression, and
the high frequency of these mutations in HR+ tumors suggests
a role in luminal tumor differentiation [1, 40, 41].

Consequently, selective inhibition of the PI3Kα isoform
may be effective in PIK3CA-mutated cancers while reducing
the AEs observed with pan-PI3K inhibitors [1, 40, 41]. The
PI3K isoform-selective inhibitors alpelisib and taselisib have
demonstrated promising antitumor activity in preclinical
models [42–45] and clinical studies [46–50], summarized
below. Both alpelisib and taselisib more potently inhibit
p110α than p110β (approximately 250-fold and 30-fold
greater specificity, respectively) [44, 51, 52]. Taselisib also
inhibits PI3K-δ and PI3K-γ isoforms [53].

Alpelisib
Alpelisib was the first oral inhibitor selectively targeting the
PI3Kα isoform to undergo clinical development, having
demonstrated antitumor activity in cancer cell lines and
ER+ breast cancer xenograft models, including those harbor-
ing PIK3CA mutations [42–44, 54]. Comprehensive in vitro
pharmacologic profiling across a panel of cancer cell lines
indicated that presence of PIK3CA mutation or amplification
was associated with sensitivity to alpelisib [43]. Dose- and
time-dependent antiproliferative effects were also observed
in PIK3CA-altered breast cancer cells [42]. In another study,
alpelisib potently inhibited the two most common PIK3CA

somatic mutations, H1047R and E545K, and resulted in a
dose-dependent and statistically significant antitumor effect
in a PI3Kα-dependent mouse model [44].

Single-agent alpelisib displayed promising activity in a
phase Ia study of 134 patients with advanced solid tumors
(including those with ER+, HER2− ABC), 93% of whom had
PIK3CA-mutated or -amplified disease (using archival or
fresh tumor biopsies). Patients were heavily pretreated
(median of 4 prior cancer therapies; range 1–19) [50]. A
complete response was observed in 1 patient (1%), partial
response (PR) in 7 (5%), and stable disease in 70 (52%)
patients [50]. Drug-related AEs included hyperglycemia
(52%; grade 3/4 in 24%), nausea (50%, grade 3/4 in 2%),
decreased appetite (42%, grade 3/4 in 2%), and diarrhea
(40%, grade 3/4 in 3%) [50].

The combination of alpelisib and fulvestrant demonstrated
synergistic antitumor activity compared with either agent alone
in PIK3CA-mutated ER+ breast cancer xenograft models [54,
55]. Of note, PI3K-mediated upregulation of ER messenger RNA
and protein expressionwasmitigated by addition of fulvestrant,
thus sensitizing ER+ tumors to PI3K inhibition [55]. Based on this
preclinical rationale for combined inhibition of PI3K plus fulves-
trant, alpelisib plus fulvestrant was investigated in a phase Ia,
open-label study of heavily pretreated patients (median of
5 prior therapies; range 1–16) with ER+, HER2− breast cancer.
Among 49 patients with PIK3CA-altered tumors, overall
response rate (ORR) was 27% and the disease control rate was
80%. In the 32 patients with PIK3CA-wild-type, ER+, HER2−
breast cancer, no objective tumor responses were observed.
Median PFS was also improved with alpelisib plus fulvestrant in
patients with PIK3CA-altered versus PIK3CA-wild-type, ER+,
HER2− ABC (9 vs. 5 months, respectively) [49]. Treatment-
related AEs included diarrhea (56%), hyperglycemia (48%), rash
(48%), nausea (43%), and decreased appetite (38%) [49].

Alpelisib in combination with letrozole was investigated in
a phase Ib study of 26 patients previously treated (median of
2 prior therapies; range 1–4) for metastatic ER+, HER2− breast
cancer [48]. PR (25% vs. 10%) and clinical benefit rate (CBR;
44% vs. 20%) were notably higher in patients with PIK3CA-
mutated tumors compared with individuals with PIK3CA-wild-
type disease [48]. It is noteworthy that 6 of the 8 patients
remaining on alpelisib plus letrozole beyond 12 months had
PIK3CA-mutated tumors [48]. AEs included gastrointestinal
events (73%), hyperglycemia (62%), fatigue (54%), and rash
(42%), all of which were dose-dependent [48].

Taselisib
Taselisib is another PI3K inhibitor with improved selectivity
against mutated versus wild-type p110α [45, 46, 51, 52]. In
PIK3CA-mutated breast cancer models, treatment with tase-
lisib plus ET resulted in enhanced antitumor activity com-
pared with single-agent antiestrogens, including fulvestrant
[52]. In a phase II, open-label, single-arm study of 60 post-
menopausal patients with HR+, HER2− metastatic breast
cancer with nonresponse or progression on ≥1 prior ET,
taselisib plus fulvestrant demonstrated initial antitumor activity.
Confirmed responses were observed among patients with
mutated, wild-type, and unknown PIK3CA status, which was
retrospectively and centrally evaluated on archival tumor
tissue [47]. Rates of best confirmed response and clinical
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benefit were numerically higher in patients with tumors har-
boring PIK3CA mutations (42% each) compared with PIK3CA-
wild-type tumors (14% and 24%, respectively) [47]. Grade 3/4
AEs included colitis (13%), diarrhea (12%), hyperglycemia
(7%), and pneumonia (5%); 18% of patients discontinued tase-
lisib because of an AE [47].

Improved clinical benefit of taselisib plus fulvestrant
in patients with PIK3CA-mutant tumors was further demon-
strated in the phase III, double-blind, placebo-controlled
SANDPIPER trial [36]. Postmenopausal women with HR+,
HER2− locally advanced or metastatic breast cancer with
recurrence or progression during or after AI therapy were ran-
domized 2:1 to receive taselisib plus fulvestrant (n = 340) or
placebo plus fulvestrant (n = 176) [36]. This was the first trial
of a mutant-selective PI3K inhibitor with ET in a biomarker-
defined population to report safety and efficacy results. The
median investigator-assessed PFS of patients with PIK3CA-
mutant tumors (assessed by central laboratory) treated with
taselisib plus fulvestrant was significantly higher than that of
patients treated with placebo plus fulvestrant (7.4 vs.
5.4 months; hazard ratio 0.70; p = .0037) [36]. Taselisib plus
fulvestrant also demonstrated improved ORR (28%) versus
placebo plus fulvestrant (12%; p = .0002) [36]. Both the CBR
(52% vs. 37%) and DOR (8.7 vs. 7.2 months) also favored tase-
lisib plus fulvestrant versus placebo plus fulvestrant in patients
with PIK3CA-mutant tumors [36]. The safety profile of taselisib
plus fulvestrant was consistent with previous studies. The
most frequent grade ≥ 3 AEs with taselisib plus fulvestrant
were diarrhea (12%), hyperglycemia (10%), colitis (3%), and
stomatitis (2%). Gastrointestinal side effects were likely sec-
ondary to inhibition of p110δ as this has been seen in trials
with p110δ inhibitors, such as idelalisib [56]. Frequent treat-
ment discontinuations due to AEs seen with taselisib plus ful-
vestrant (17% vs. 2% with placebo plus fulvestrant) in this
study suggest that the combination may have limited clinical
benefit in this setting because of tolerability challenges [36].

The combination of taselisib plus letrozole was also eval-
uated as a neoadjuvant therapy in postmenopausal women
with ER+, HER2− untreated, operable early breast cancer in
the phase II randomized LORELEI trial [57]. Patients were
treated with taselisib plus letrozole or placebo plus letrozole
for 16 weeks prior to surgery. The ORR as assessed by cen-
tral laboratory magnetic resonance imaging with taselisib
plus letrozole was 50% versus 39.3% with placebo plus
letrozole (odds ratio 1.55 [95% confidence interval
(CI) 1.00–2.38]; p = .049) [57]. Among patients with PIK3CA-
mutant tumors, taselisib plus letrozole demonstrated a
more significant increase in ORR versus placebo plus letro-
zole (56.2% vs. 38%; odds ratio 2.03 [95% CI 1.06–3.88];
p = .033) [57]. There was no significant difference between
treatment arms in the pathological complete response rate
[57]. The most common grade 3/4 AEs with taselisib plus
letrozole included gastrointestinal disorders (7.8%), infec-
tions (4.8%), and skin/subcutaneous tissue disorders (4.8%);
grade 3/4 hyperglycemia occurred in 1.2% of patients [57].

Emerging Insights on PIK3CA Status Testing and
Ongoing Biomarker-Based Trials
There are emerging opportunities to explore targeted patient
selection and biomarker-guided treatment based on PIK3CA

mutation status in HR+, HER2− ABC. Currently, tumor biopsies
are the gold standard for molecular screening but are associ-
ated with practical, technical, and safety issues [58]. Obtaining
biopsies is invasive, and tumor tissue is not always accessible
or available. In addition, the quality and quantity of tumor tis-
sue is often variable, sometimes with insufficient material
available for genotyping. Furthermore, logistical issues are
often encountered with archival tissue when retrieving
patients’ biopsies from different centers [59, 60].

The evolving and heterogeneous nature of tumors high-
lights the need for effective, real-time molecular profiling
to permit adjustments in targeted therapy regimens to
selectively address evolving cancer genotypes [58]. Such
monitoring of disease status over time can determine
changes in molecular alterations after the initial diagnosis
of cancer, such as emergence of new mutations [61, 62].
Studies suggest that PIK3CA mutation status of the primary
tumor from the initial surgical/archival specimen can differ
from that obtained from a biopsy of a metastatic site,
highlighting the importance of assessing PIK3CA status in
the metastatic lesion for selection of PI3K inhibitor therapy
[61, 63, 64]. Even then, however, PIK3CA mutations are fre-
quently subclonal and not uniformly present across multi-
ple metastatic sites [65]. Thus, obtaining ctDNA from
peripheral blood is emerging as a sensitive, reliable, and
less invasive way to measure current PIK3CA mutation sta-
tus, tumor evolution, and potentially response to therapy
[60, 61, 66–68]. Clinical studies demonstrated 73%–83%
concordance for PIK3CA status in ctDNA and archival tumor
tissue, measured using PCR [35, 61]. Good concordance
(approximately 90%) has been demonstrated among next-
generation sequencing, Sanger sequencing, and quantita-
tive PCR for assessing wild-type PIK3CA or mutations in
exon 9 or 20 of PIK3CA [48, 69]. However, it should be
noted that PCR-based/hybridization methods or gene
panels that focus on hotspot mutations may miss up to
20% of PIK3CA mutations [70]. The differing sensitivity and
specificity of sequencing and PCR-based mutation detec-
tion techniques underscores the need to optimize technol-
ogies and standardize results [62]. Indeed, a key challenge
to the routine assessment of PIK3CA mutation status in
clinical practice is the development, implementation, and
standardization of cost- and time-efficient technologies
that detect biomarkers with sufficient sensitivity [58, 62].
Although the BELLE studies support measurement of bio-
markers at study entry and the use of ctDNA in liquid
biopsies to assess PIK3CA mutation status, key learnings
include the need to standardize biomarker assessment, the
timing of tissue collection, and the technology used [38,
62]. Future studies of PIK3CA-selected populations should
incorporate the testing of technologies into their design for
the clinical standardization of biomarker assessment [62].

There are several ongoing biomarker-guided phase II/III
trials of alpelisib in patients with HR+, HER2− ABC (Table 2).
The phase III, placebo-controlled SOLAR-1 trial is evaluating
alpelisib plus fulvestrant in men and postmenopausal women
who progressed on or after an AI. Patients are divided into
PIK3CA-mutated versus -nonmutated cohorts (as measured
by ctDNA) and also stratified by prior CDK4/6 inhibitor ther-
apy and by presence of liver and/or lung metastases [71].
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The primary study objective is PFS in the PIK3CA-mutated
cohort; a key secondary objective is overall survival in the
PIK3CA-mutated cohort. PFS by baseline PIK3CA status, as
measured in ctDNA, will also be evaluated [71]. Ongoing
phase II studies in patients with HR+, HER2− ABC include
BYLieve, which is investigating alpelisib plus fulvestrant or
letrozole in men and women with PIK3CA-mutated tumors
whose disease progressed on or after a CDK4/6 inhibitor
[72]. SAFIR PI3K is comparing alpelisib plus fulvestrant versus
chemotherapy in the maintenance setting in patients with
PIK3CA-mutated disease, evaluated using tumor tissue or
ctDNA collected at the time of disease progression [72]. PIK-
NIC is a single-arm study investigating tumor response to
single-agent alpelisib in patients with advanced triple-
negative breast cancer or PI3K pathway-altered, HR+ disease
that has progressed on at least one line of ET for metastatic
breast cancer [57].

CONCLUSION

Hyperactivation of the PI3K pathway in HR+, HER2− ABC is a
key target of interest in ongoing clinical studies, particularly
using p110α-selective inhibitors [1, 12]. Indeed, encouraging
preclinical and clinical data support the rationale for pursu-
ing isoform-selective PI3K inhibitors in combination with ET
in patients with PIK3CA-mutated, endocrine-resistant ABC
[36, 47–50]. Although the addition of PI3K inhibitors to ET
has demonstrated modest clinical responses, the magnitude
of benefit observed thus far has been below that initially
expected. This may be due to several factors; for example, the
presence of alternative aberrantly activated and compensatory
signaling pathways (e.g., feedback activation of receptor tyro-
sine kinases, ER signaling, or Bcl-2) could be present clinically
[40, 41, 73]. Further studies may be required to elucidate
compensatory mechanisms and to further develop effective

treatment combinations. Additionally, inhibitors targeting the
PI3Kα isoform affect the wild-type protein as well as the
mutant form, resulting in hyperglycemia and rash, thus limit-
ing the potential for complete and sustained inhibition of the
mutant enzyme. Furthermore, a dose-dependent increase in
the plasma levels of fasting C-peptide and insulin, frequently
associated with hyperglycemia, is an obligatory on-target
pharmacodynamic surrogate of PI3K inhibition in trials with
PI3K inhibitors [74, 75]. This obligatory surge in insulin secre-
tion may activate insulin receptors and PI3K, particularly in
tumors rich in insulin receptors, and limit the clinical activity
of PI3K inhibitors [76]. Therefore, future development of
inhibitors with greater selectivity for p110α mutant isoforms
and reduced inhibitory activity against wild-type p110α pro-
tein is sorely needed to further advance the field.

Although the addition of PI3K inhibitors to ET has
demonstrated modest clinical responses, the mag-
nitude of benefit observed thus far has been below
that initially expected. This may be due to several
factors; for example, the presence of alternative
aberrantly activated and compensatory signaling
pathways could be present clinically.

In the meantime, data are eagerly awaited from phase III
trials of isoform-selective PI3K inhibitors. As results are
reported, it is important to consider the impact of p110δ
and p110γ inhibition on the toxicity profiles observed. For
instance, some of the potentially treatment-limiting AEs
observed with isoform-specific PI3K inhibitors were gastro-
intestinal toxicities [36, 48], which are common with p110δ

Table 2. Ongoing phase II/III clinical trials evaluating isoform-selective PI3K inhibitors in hormone receptor positive, human
epidermal growth receptor negative advanced breast cancer [72]

Trial overview Key eligibility criteria Primary endpoint

Phase III

SOLAR-1
Alpelisib (vs. placebo) + fulvestrant
n = 572
NCT02437318

• Progressed on/after AI
• Known PIK3CA status

PFS in the PIK3CA-mutated
cohort

Phase IIa

BYLieve
Alpelisib + fulvestrant or letrozole
n ≈ 160
NCT03056755

• Progressed on or after a CDK4/6 inhibitor
• PIK3CA-mutated tumors

Patients alive without
disease progression

SAFIR PI3K
Alpelisib + fulvestrant vs.
chemotherapy (maintenance)
n ≈ 90
NCT03386162

• ET-resistant disease
• No progression after chemotherapy

(6–8 cycles)
• PIK3CA-mutated tumors

PFS

PIKNIC
Alpelisib (single arm)
n ≈ 34
NCT02506556

• PI3K-abnormal disease
• Progression after ≥1 ET

in the metastatic settingb

ORR

aPhase I/II trials not included.
bPatients with TNBC are also being recruited with progression after ≥1 prior systemic therapy.
Abbreviations: AI, aromatase inhibitor; CDK, cyclin-dependent kinase; ET, endocrine therapy; ORR, objective response rate; PFS, progression-free
survival; PI3K, phosphoinositide 3-kinase; TNBC, triple-negative breast cancer.
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inhibition [77]. Therefore, differences in specificity for
other PI3K isoforms (β, δ, γ) may result in distinct toxicity
profiles of isoform-selective PI3K inhibitors and may neces-
sitate further evaluation of optimal dosing. Furthermore,
ongoing biomarker-guided studies may provide opportuni-
ties to identify patients based on PIK3CA mutation status
who are more likely to benefit from treatment with PI3K
inhibitors and may aid in improving the therapeutic index
of this class of drugs.
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