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Abstract: Hormone receptor positive, human epidermal growth factor receptor 2 negative 
(HR+/HER2 negative) breast cancer accounts for over 70% of all breast cancers. There has 
been much advancement in the treatment of HR+/HER2 negative metastatic breast cancer 
(MBC), in particular the development of more tailored and targeted therapies. Recently, 
greater understanding of the role of phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian 
target of rapamycin (mTOR) pathway in breast cancer has led to the development of PI3K 
inhibitors, which have proven to be effective in the treatment of HR+/HER2 negative MBC. 
In this review, we will discuss the role of the PI3K/AKT/mTOR pathway in breast cancer 
and therapies that have been developed to inhibit PI3K. We will discuss in detail the 
development of PI3K inhibitor alpelisib, indications for use in HR+/HER2 negative MBC, 
safety and tolerability and the future direction of this therapy in the treatment of breast 
cancer. 
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Introduction
Breast cancer is the leading cause of cancer and the second leading cause of cancer 
death in women.1 Hormone receptor positive, human epidermal growth factor 
receptor 2 negative (HR+/HER2 negative) breast cancer accounts for over 70% of 
all breast cancers.1 Recently, there has been a paradigm shift in the treatment of HR 
+/HER2 negative metastatic breast cancer (MBC) with development of targeted 
therapies, which have led to patients living longer and with less toxicity. Cyclin 
dependent kinase 4/6 inhibitors (CDK 4/6i) including palbociclib, ribociclib and 
abemaciclib, in combination with either aromatase inhibitor (AI) or fulvestrant, 
have revolutionized the treatment of HR+/HER2 negative MBC and has become the 
standard first-line treatment in this setting.2–5 Additional treatment options in HR 
+/HER2 negative MBC include estrogen receptor (ER) antagonist fulvestrant as 
a single agent and mammalian target of rapamycin (mTOR) inhibitor everolimus, 
both of which have shown to be an effective treatment in HR+/HER2 negative 
MBC.6,7 However, resistance to endocrine and targeted therapies ultimately occurs, 
warranting the need for new therapeutic strategies. In this review, we will discuss 
the role of the Phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of 
rapamycin (mTOR) pathway in breast cancer and the development of PI3K inhibi-
tors as a therapeutic option for breast cancer patients. We will also discuss in detail 
Alpelisib, the first approved PI3K inhibitor for the treatment of HR+/HER2 nega-
tive MBC.
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The PI3K/AKT/mTOR Pathway and 
Breast Cancer
The PI3K/AKT/mTOR pathway plays a critical role in reg-
ulating cell proliferation, growth and survival. In breast can-
cer, therapeutic strategies have been developed to target these 
three important sites in this pathway. BOLERO-2 was 
a randomized, double-blinded Phase III placebo controlled 
study that compared the mTOR inhibitor everolimus in com-
bination with exemestane versus exemestane and placebo in 
HR+/HER2 negative MBC.7 Median progression free survi-
val (PFS) by central assessment was improved from 4.1 
month to 10.6 months (HR 0.36, p<0.001).7 The AKT inhi-
bitor capivasertib was studied in the Phase II FAKTION trial.8 

This study compared capivasertib plus fulvestrant versus ful-
vestrant and placebo in HR+/HER2 negative MBC. Median 
PFS was 10.3 months in the capivasertib group versus 4.8 
months in the placebo group (HR 0.58, p= 0.0018).8

PI3Ks are a family of lipid kinases.9 Stimulation of 
receptor tyrosine kinase activates this pathway, which in 
turn triggers activation of PI3K (Figure 1).10 Class I PI3K 
is further divided into subclass IA and IB.11 Class IA 
PI3Ks are heterodimers consisting of a p110α catalytic 
subunit and p85 regulatory subunit.11 There are four cata-
lytic isoforms of PI3K including α, β, γ and Δ.11

PIK3CA is an oncogene that encodes the p110α cata-
lytic isoform.11 Three common mutations in PIK3CA 
include E545K and E542K on exon 9 and H1047R on 
exon 20.11 Mutation of PIK3CA leads to gain of function 
activation of the p110α catalytic isoform, which causes 
a downstream effect that ultimately leads to unregulated 
cell growth, proliferation and survival.11

PIK3CA has been found to be one of three somatic 
mutations that occur commonly in breast cancer.12 

Approximately 20–50% of all breast cancers harbor 
a PIK3CA mutation.11 HR positive and HER2 positive 
breast cancers are the two subtypes that exhibit this muta-
tion most commonly, with incidence 35% and 23%, 
respectively.11,13 Greater understanding of the role of 
PIK3CA mutation in cancer cell growth and survival has 
led to the development of targeted therapeutics aimed at 
directly inhibiting the PI3K pathway.

PI3K Inhibitors
Pan-PI3K Inhibitors
Early strategies of inhibiting PI3K have involved pan- 
inhibition of all four PI3K isoforms. Pan-inhibition can 
potentially be effective in a broad range of tumor types, 
but it can also be associated with greater toxicity.

Figure 1 Therapeutic strategies have been developed to target various steps in the PI3K/AKT/mTOR pathway, thereby blocking cell proliferation, growth and survival. 
Note: Reprinted by permission from Springer Nature: Springer, Breast Cancer Res Treat, Costa, RLB, Han HS, and Gradishar WJ, Targeting the PI3K/AKT/mTOR pathway in 
triple negative breast cancer: a review. Copyright (2018). 169(3): p. 397–406. Available from: https://link.springer.com/article/10.1007/s10549-018-4697-y.29
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Buparlisib
Buparlisib is an oral pan PI3K inhibitor.14 The BELLE-2 study 
was a randomized, double-blind- placebo controlled Phase 3 
study evaluating the efficacy of buparlisib in breast cancer.14 In 
this study, 1147 patients with HR+/HER2 negative inoperable 
locally advanced or MBC whose disease had progressed on or 
after AI and who had received up to one previous line of 
chemotherapy were included. Patients were randomly assigned 
to receive fulvestrant with or without buparlisib. The addition 
of buparlisib improved median PFS in the total patient popula-
tion from 5.0 months to 6.9 months (HR 0.78, p=0.00021). In 
patients with PI3K activated pathway, median PFS was 6.8 
months in the combination group compared with 4.0 months in 
fulvestrant alone group (HR 0.76, p=0.014). The most com-
mon grade 3–4 adverse events (AEs) in the combination group 
were increased liver functions tests (LFTs), hyperglycemia and 
rash.14

In the phase III BELLE-3 study, 432 post-menopausal 
women were randomly assigned to fulvestrant with or without 
the addition of buparlisib. Patients had HR+/HER2 negative 
locally advanced or MBC who had relapsed on or after endo-
crine therapy and mTOR inhibitor. The addition of buparlisib 
led to improvement in median PFS from 1.8 months to 3.9 
months (HR 0.67, p=0.00030). The most frequent grade 3–4 
AEs in the buparlisib group included elevation in LFTs, hyper-
tension and fatigue.15 Due to toxicities and safety issues with 
only modest PFS improvement, this drug did not move forward 
in further development.

Pictilisib
Pictilisib is also a pan PI3K inhibitor. The phase II PEGGY 
trial randomized 183 pre- and post-menopausal patients with 
HR+/HER2 negative MBC to receive chemotherapy (pacli-
taxel) with either pictilisib or placebo. There was no statisti-
cally significant improvement in PFS with the addition of 
pictilisib. In the intention to treat (ITT) population, median 
PFS was 7.8 months in the placebo group compared with 8.2 
months with the addition of pictilisib (HR 0.95, p = 0.83). In 
patients with PIK3CA mutation, the median PFS was 5.8 
months in the placebo group compared with 7.3 months with 
the addition of pictilisib (HR 1.06, p = 0.88). Pictilisb was 
associated with more frequent serious AEs and dose 
reductions/discontinuations compared to placebo.16

Isoform-Specific PI3K Inhibitors
Isoform-specific PI3K inhibitors may offer the opportunity 
for higher doses and potentially greater efficacy with less 

toxicity compared to pan PI3K inhibitor.11 Taselisib is 
a beta-sparing PI3K inhibitor that was studied in the 
phase III SANDPIPER clinical trial.17 In this study, 516 
postmenopausal women were randomized to fulvestrant 
plus placebo or fulvestrant plus taselisib. The combination 
treatment group improved investigator assessed PFS from 
5.4 months to 7.4 months (HR 0.70, p = 0.0037). The most 
common grade 3/4 AEs included diarrhea, hyperglycemia, 
colitis and stomatitis.17

Alpelisib (NVP-BYL719) is an oral bioavailable selec-
tive inhibitor of PI3K alpha.10 The safety and tolerability of 
this drug were first described in vivo in PIK3CA mutated 
solid tumors.10 This led to further studies evaluating the role 
of alpelisib in PIK3CA mutated breast cancer.

Alpelisib in the Treatment of 
PIK3CA Mutated Breast Cancer
Following preclinical data demonstrating tolerability and effi-
cacy of alpelisib, the first in human phase Ia study was per-
formed to show efficacy and tolerability of alpelisib in 
PIK3CA altered advanced solid tumors.18 In this study, 134 
patients with unresectable, advanced solid tumors were 
enrolled. The most common solid tumor types were breast 
(26.9%), colorectal (26.1%) and head and neck (14.2%). 
Results showed favorable safety profile up to 400mg daily 
dose and 150mg twice daily dose. Objective tumor response 
was observed at a dose of 270mg or higher once daily. Overall 
response rate was seen in 8 patients (6.0%), with partial 
response seen in seven patients and one complete response. 
In patients with HR+/HER2 negative breast cancer, median 
PFS was 5.5 months. The most commons AEs included hyper-
glycemia (52%), nausea (51%), decreased appetite (42%), 
diarrhea (40%) and vomiting (31%). In the dose escalation 
phase, dose limiting toxicities (DLTs) occurred in nine total 
patients. DLTs included hyperglycemia (n=2 at 450mg once 
daily dose and n=4 at 200mg twice daily dose), nausea (n=2 at 
450mg once daily dose) and combined hyperglycemia and 
hypophosphatemia (n=1 at 150mg twice daily dose).18

As stated previously, the incidence of PIK3CA mutation 
in HR+ breast cancer is approximately 35%.11,13 PI3K inhi-
bition by alpelisib has been shown to cause an increase in 
estrogen receptor transcription in breast cancer cells.19 

Therefore, one strategy that has been studied is combination 
of PI3K inhibitor with endocrine therapy in PIK3CA 
mutated HR+ breast cancers in order to achieve greater 
sustained therapeutic response compared to endocrine ther-
apy alone.20 In a phase Ib study, escalating once-daily doses 
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of alpelisib (300mg, 350mg and 400mg) in combination 
with fixed dose fulvestrant (500 mg) was studied in 87 
postmenopausal women with PIK3CA altered or PIK3CA 
wild type HR positive MBC.20 Patients had received 
a median of five prior lines of antineoplastic therapy. The 
maximum tolerated dose (MTD) was 400mg and the 300mg 
once daily dose was determined to be the recommended 
Phase 2 dose. The median PFS in PIK3CA altered group 
with alpelisib was 9.1 months (95% CI, 6.6–14.6) versus 4.7 
months (95% CI, 1.9–5.6) in wild type group. Overall 
response rate in the PIK3CA altered group was 29% and 
no objective tumor response was observed in the wild type 
group. The most common grade 3–4 AEs with alpelisib 
400mg once daily dosing included hyperglycemia (22%) 
and maculopapular rash (13%).20

With evidence of the efficacy and tolerability of alpelisib 
as monotherapy and in combination with endocrine therapy, 
a phase 3 study was performed to further confirm these 
findings.21 The SOLAR −1 study was a randomized phase 3 
study that sought to evaluate the efficacy and safe of alpelisib 
plus fulvestrant in patients with PIK3CA mutated HR+/HER2 
negative who had received prior endocrine therapy but no 
prior chemotherapy.21 A total of 572 patients were enrolled 
in the study, 341 patients had a PIK3CA mutation. At a median 
follow-up of 20 months, the median PFS in patients with 
PIK3CA mutation was 11.0 months in the alpelisib plus ful-
vestrant combination group compared with 5.7 months in the 
fulvestrant alone group (HR 0.65, p<0.001). Overall response 
rate in patients with PIK3CA mutation was 26.6% in the 
combination group compared to 12.8% in the fulvestrant 
alone group. The most frequent grade 3–4 AEs in the alpelisib 
plus fulvestrant cohort included hyperglycemia (36.6%) and 
rash (9.9%). Grade 3 diarrhea occurred in 6.7% of patients in 
the combination group. No grade 4 diarrhea was reported. The 
rate of discontinuation in the combination group was 25% 
compared to 4.2% in fulvestrant alone group.21 The results 
from the SOLAR-1 phase 3 study led to the FDA approval on 
May 24, 2019 of alpelisib in combination with fulvestrant for 
postmenopausal women and men with HR+/HER2 negative, 
PIK3CA-mutated advanced or metastatic breast cancer fol-
lowing progression on or after an endocrine-based regimen.19

Mechanisms of Resistance and 
Mechanisms of Enhanced Response 
to Alpelisib
There are multiples mechanisms of resistance to PI3K 
inhibitors. The effect of isoform specific PI3K inhibitors, 

like alpelisib, can be circumvented by activating other 
isoforms and thereby promoting downstream signaling of 
the PI3K/AKT/mTOR pathway.22 Additional mechanisms 
include activation of downstream effectors like AKT or 
mTOR.22

Loss of PTEN has also been shown to be a cause of 
resistance to PI3K inhibitors. In one study, circulating 
tumor DNA (ctDNA) and tumor tissue was analyzed 
from patients with HR+/HER2 negative MBC who par-
ticipated in a phase I/II trial of alepelisib in combination 
with AI.23 The authors sought to identify mechanisms of 
resistance that could explain why a subset of patients 
lacked clinical benefit to alpelisib and rapidly pro-
gressed following initiation of treatment. Clinical benefit 
was only observed in patients who harbored a PIK3CA 
mutation. CtDNA was then used to identify PTEN muta-
tions in 25% of patients. Three of these patients had 
PTEN loss in pre-treatment samples and all of whom 
had rapid progression of disease after start of treatment 
with alpelisib and AI therapy. It was also discovered in 
tumor xenograft models that mutations in ESR1 led to 
rapid progression following start of alpelisib and AI 
therapy. Further supporting the idea that there is cross 
talk between PI3K and ER signaling and mutations in 
ESR1 can further promote resistant and contribute to 
progression of disease.23

While there are mechanisms of resistance to alpelisib, 
there are also mechanisms of enhanced response to this 
therapy. 10–15% of all PIK3CA mutant tumors across all 
cancer types contain multiple PIK3CA mutations, mainly 
double PIK3CA mutations.24 Double PIK3CA mutations 
are commonly found in HR+/HER2 negative breast can-
cers. Double mutations in cis have shown to increase 
downstream PI3K pathway signaling and cell/tumor pro-
liferation compared to single mutations. An analysis was 
performed looking at the ctDNA from the SANDPIPER 
study to detect the presence of PIK3CA mutations. 
Patients with a single PIK3CA mutation receiving taselisib 
had an overall response rate of 18.1%. But patients with 
multiple PIK3CA mutations receiving taselisib had overal 
response rate of 30.2%.24

Taken together, the above data suggest that identifica-
tion of other mutations (ie, ESR1, PTEN) in addition to 
PIK3CA and quantifying the number of unique PIK3CA 
mutations may be necessary in order to create tailored 
therapeutic strategies for patients with HR+/HER2 nega-
tive MBC.
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PIK3CA Mutation Testing
The FDA has approved the Therascreen® PIK3CA mutation 
assay for detection of PIK3CA mutation in patients.25 This 
diagnostic test was used in the SOLAR-1 study and it detects 
11 PIK3CA mutations in tumor tissue specimens and/or in 
ctDNA.21 However, there is considerable heterogeneity of 
PIK3CA mutations in breast cancer and there could poten-
tially be additional PIK3CA mutations that have important 
clinical implications and are not detected on the 
Therascreen® assay. In one study, the Therascreen® panel 
detected four common PIK3CA mutations (H1047R, 
E545K, E542K, H1047L) comprising 67% of all PIK3CA 
mutations in the study dataset.25 Furthermore, the 
Therascreen® assay was shown to detect 80% of patients 
who have a known PIK3CA mutation. In patients known to 
harbor double PIK3CA mutation, the Therascreen® assay 
identified both PIK3CA mutations in only 5% of patients.25 

This study points to limitations of the Therascreen® assay 
and potentially 20% of patients with a known PIK3CA 
mutation would go undetected. Furthermore, it is unclear 
the clinical importance and benefit of alpelisib therapy in 
patients with PIK3CA mutations that are not identified by the 
Therascreen® assay but may be detected on other next- 
generation sequencing assays.

Administration/Safety and Toxicity
The starting dose of alpelisib is 300mg once daily. There 
are two dose reductions available which are 250mg once 
daily and 200mg once daily. Fulvestrant is administered 
500mg IM on days 1, 15 and 29 and one monthly 
thereafter.19

The most frequent grade 3–4 AEs observed in 
patients who received alpelisib included hyperglycemia, 
severe cutaneous reaction and diarrhea. Additional 
adverse reactions that are listed in the FDA prescribing 
information include severe hypersensitivity and pneumo-
nitis. Specific monitoring guidelines have been estab-
lished to address these side effects. All patients must 
have a fasting plasma glucose (FPG) and HbA1C prior 
to initiation with alpelisib. FPG is then monitored once 
every week for the first 2 week and then at least every 4 
weeks. HbA1c is monitored every 3 months and as 
clinically indicated. Patients with a history of controlled 
type 2 diabetes were included in SOLAR-1 trial but 
patients with type 1 and uncontrolled type 2 diabetes 
were excluded. Patients who develop grade 1 or greater 

hyperglycemia are recommended to initiate or intensify 
anti-hyperglycemia treatment.19

Severe cutaneous reaction including Stevens-Johnson 
syndrome (SJS) and erythema multiforme (EM) were 
reported in 0.4% and 1.1% of patients in SOLAR-1 
study, respectively. Specific guidelines are outlined for 
patients who may develop cutaneous reaction, including 
initiation of topical and/or oral corticosteroids and oral 
antihistamines and interruption or permanent discontinua-
tion of alpelisib. In a subgroup of patients in the SOLAR-1 
study, 86 patients received prophylaxis including antihis-
tamines and the incidence of all grade rash was 27% 
versus 54% in the overall population. Similarly, the inci-
dence of grade 3 rash was 12% in the group of patients 
receiving prophylactic antihistamine compared to 20% in 
overall population. Therefore, prophylactic antihistamine 
is a consideration in patients initiating alpelisib.19

Diarrhea of all grades occurred in 58% of patients in 
the SOLAR-1 study and 6.7% patients experienced grade 
3 diarrhea. There were no episodes of grade 4 diarrhea. 
Recommendations for the management of diarrhea include 
initiating and/or intensifying antidiarrheal medications and 
interruption alpelisib therapy.19

Pneumonitis is a less common adverse event with it 
occurring in 1.8% of patients receiving alpelisib in 
SOLAR-1 study. Symptoms such as shortness of breath, 
cough, or interstitial infiltrates on radiologic exam raise 
concern for pneumonitis in patients on alpelisib. 
Permanent discontinuation of alpelisib is advised in any 
patient who develops pneumonitis.19

Future Directions
CDK 4/6i (palbociclib, ribocilib or abemaciclib) in combina-
tion with either AI or fulvestrant is the standard first-line 
treatment for HR+/HER2 negative MBC.2–5 Greater under-
standing of the PI3K/AKT/mTOR pathway has led to the 
development of therapies that specifically target this pathway. 
Table 1 highlights clinical trials currently underway evaluat-
ing additional therapeutic strategies to target this pathway.

In the SOLAR-1 study, only 5–6% of patients across 
all groups received previous treatment with a CDK 4/6i.21 

Alpelisib has been approved in combination with fulves-
trant in patient patients who have progressed on endocrine 
therapy.19 This raises the question about the role of alpe-
lisib in patients who have progressed on CDK 4/6i. 
Clinical trials are currently ongoing to answer this ques-
tion. Initial results from the BYLieve study were recently 
reported.26 This phase II open-label non-comparative 
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study is evaluating the role of alpelisib in the treatment of 
HR+/HER2 negative PIK3CA mutated MBC. Initial 
results reported the cohort of patients with immediate 
prior treatment of CDK 4/6i + AI and went on to receive 
alpelisib + fulvestrant. At 6 months, the proportion of 
patients without disease progression was 50.4% (95% CI, 
41.2–59.6).26 Additional cohorts are waiting to be 
reported, this includes patients with immediate prior treat-
ment with CDK 4/6i+fulvestrant, systemic chemotherapy 
or endocrine therapy.

Alpelisib has also been studied in HER2 positive breast 
cancer. HER2 amplification and PIK3CA mutation can 
often both be seen simultaneously in breast cancer. This 
co-occurrence has been shown to have decreased response 
to HER2 directed therapies.27 Hanker and colleagues 
developed a mouse model of HER2+ and PIK3CA 
mutated breast cancers. It was found that dual HER2 
amplification and PI3KCA mutation resulted in faster 
time to disease progression and conferred resistance to 
herceptin alone and in combination with pertuzumab and 
lapatinib. Interestingly, resistance was overcome with 
treatment with PI3K inhibitor.27 In a Phase I study by 
Jain and colleagues, patients with HER+ MBC who had 
progressed on taxane and trastuzumab therapy were trea-
ted with alpelisib in combination with T-DM1.28 

Seventeen patients were enrolled and median number of 

prior therapies was three. In the fourteen patients that were 
evaluable for response, the overall response rate was 43%. 
The most frequent toxicities included fatigue, rash, throm-
bocytopenia and anemia, hyperglycemia, elevated liver 
enzymes and gastrointestinal toxicities.28 These studies 
show promising results with alpelisib in the treatment of 
HER2 positive breast cancer but further studies will need 
to be conducted to confirm these findings.

Conclusion
The PI3K/mTOR pathway plays an important role in cell 
growth, proliferation and survival. Preclinical and clinical 
studies have demonstrated that inhibiting this pathway can 
be a key therapeutic strategy in the treatment of HR 
+/HER2 negative MBC. Alpelisib is the first PI3Ki 
approved for the treatment of HR+/HER2 negative MBC 
in patients who have a PIK3CA mutation and who have 
received prior endocrine therapy19 Further studies will 
need to be performed to evaluate the role of alpelisib in 
patients previously treated with CDK 4/6i and the role in 
other subtypes of breast cancer including HER2 positive 
disease. The development of alpelisib adds to the non- 
chemotherapy options for patients with HR+/HER2 nega-
tive MBC and is yet another demonstration of the shift in 
cancer care towards personalized medicine and targeted 
therapeutics.

Table 1 Ongoing Clinical Trials Investigating Therapies Targeting the PI3K/AKT/mTOR Pathway

Therapy PI3K- 
α

PI3K- 
β

PI3K- 
δ

PI3K- 
γ

AKT mTOR Trial ID Study 
Phase

MEN1611 + Trastuzumab ±faslodex x NCT03767335 Ib

AZD8186 + docetaxel x NCT03218826 I

Alpelisib + faslodex or letrozole x NCT03056755 II
Alpelisib + nab-paclitaxel x NCT04216472 II

Gedatolisib + palbociclib + faslodex x x x x x NCT02626507 Ib

Gedatolisib + palbociclib/letrozole or palbociclib/faslodex x x x x x NCT02684032 Ib
Ipatasertib + faslodex 

Ipatasertib + aromatase inhibitor (AI) 
Ipatasertib + faslodex + palbociclib

x NCT03959891 I

Ipatasertib + trastuzumab + pertuzumab + endocrine 

therapy (if HR+)

x NCT04253561 Ib

Gedatolisib + PTK7-ADC x x x x x NCT03243331 I

PDR001 (PD1 monoclonal antibody) + everolimus, 

LCL161 or panobinostat

x NCT02890069 Ib

AZD5363 + paclitaxel x NCT02423603 II

AZD2014 + olaparib x NCT02208375 Ib

AZD 5363 + olaparib x NCT02208375 Ib
AZD2014 + selumetinib (MEK inhibitor) x NCT02583542 Ib/II

Taselisib +enzalutamide x x x NCT02457910 Ib/II
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