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CLINICAL CANCER RESEARCH | PRECISION MEDICINE AND IMAGING

Biology and Targetability of the Extended Spectrum of
PIK3CA Mutations Detected in Breast Carcinoma
Hope S. Rugo1, Kira Raskina2, Alexa B. Schrock2, Russell W. Madison2, Ryon P. Graf2, Ethan S. Sokol2,
Smruthy Sivakumar2, Jessica K. Lee2, Virginia Fisher2, Geoffrey R. Oxnard2, and Hanna Tukachinsky2

ABSTRACT
◥

Purpose: Alpelisib is a PI3K alpha (PI3Ka)-selective
inhibitor approved for the treatment of hormone receptor–
positive/HER2-negative (HRþ/HER2�) PIK3CA-mutated ad-
vanced breast cancer (ABC) based on the SOLAR-1 trial,
which defined 11 substitutions in exons 7, 9, and 20 in
PIK3CA (SOLAR1m). We report alpelisib effectiveness for
ABC harboring SOLAR1m, as well as other pathogenic PIK3CA
mutations (OTHERm) using comprehensive genomic profiling
(CGP).

Experimental Design: A total of 33,977 tissue and 1,587
liquid biopsies were analyzed using hybrid capture–based
CGP covering the entire coding sequence of PIK3CA. Clinical
characteristics and treatment history were available for
10,750 patients with ABC in the deidentified Flatiron Health-
Foundation Medicine clinico-genomic database (FH-FMI
CGDB).

Results: PIK3CAmwere detected in 11,767/33,977 (35%) of tissue
biopsies, including 2,300 (7%) samples with OTHERm and no
SOLAR1m. Liquid biopsy had 77% sensitivity detecting PIK3CAm,
increasing to 95% with circulating tumor DNA fraction ≥2%. In
patients with HRþ/HER2� ABC and PIK3CAm receiving alpelisib/
fulvestrant (ALPþFUL; n¼ 182) or fulvestrant alone (FUL; n¼ 119),
median real-world progression-free survival (rwPFS) was 5.9 months
on ALPþFUL [95% confidence interval (CI): 5.1–7.4] versus
3.1 months on FUL (95% CI: 2.7–3.7; P < 0.0001). In patients with
OTHERm, median rwPFS was 4.0 months on ALPþFUL (95% CI:
2.8–10.1) versus 2.5 months on FUL (95% CI: 2.2–3.7; P ¼ 0.0054).

Conclusions: CGP detects diverse PIK3CAm in a greater
number of patients with ABC than PCR hotspot testing; 20%
of patients with PIK3CAm do not have SOLAR1m. These
patients may derive benefit from alpelisib.

See related commentary by Tau and Miller, p. 989

Introduction
PI3Ka, which is encoded by thePIK3CA gene, is a subunit of PI3K, a

membrane-associated kinase that functions in signaling pathways that
control cell growth and survival. PIK3CA mutations are common in
several malignancies, including breast cancer (1), and are associated
with poor outcomes and chemoresistance in patients with advanced
hormone receptor–positive/HER2-negative (HRþ/HER2�) breast
cancer (2). Alpha-isoform selective inhibitors, such as alpelisib
(BYL719) and taselisib (GDC-0032; ref. 3), as well as pan-PI3K
inhibitors buparlisib (BKM120), copanlisib (BAY80-6946), and pic-
tlisib (GDC-0941) have been investigated in combination with endo-
crine therapy (ET) as treatment for advanced breast cancer (ABC)with
activating PIK3CA mutations.

SOLAR-1 (NCT02437318) was a randomized phase III trial that
demonstrated significant improvement in progression-free survival
(PFS) from the combination of alpelisib plus fulvestrant (ALPþFUL)
compared with fulvestrant (FUL) alone in patients with PIK3CA
mutation (PIK3CAm) HRþ/HER2� ABC who had been previously
treated with ET (4). Patients with ≥1 of 11 prespecified PIK3CA

substitution mutations detected in a tissue biopsy were eligible to
enroll, and no predictive value of specific PIK3CA mutations was
observed (5). The FDA-approved ALPþFUL for this population,
along with companion diagnostic (CDx) tests for tissue and liquid
biopsies: the therascreen PIK3CA RGQ PCR kit (specifically designed
to detect the 11 mutations) and next-generation sequencing (NGS)
via FoundationOne CDx and FoundationOne Liquid CDx, which
reports a wide spectrum of activating variants in the PIK3CA gene but
includes only the 11 substitutions that CDx claims for alpelisib (6–8).

There are several questions relevant to clinical care that remain
unaddressed in most guidelines for treating physicians:

(i) What relevance domutations predicted to activate PIK3CA have
when they fall outside of the defined set of 11 mutations of the
companion diagnostic/SOLAR-1 trial definition? Is ALP use
appropriate in patients with these mutations?

(ii) Is there a benefit to comprehensive genomic profiling (CGP)with
NGS over PCR hotspot testing?

(iii) What is the sensitivity of liquid biopsies for detection of PIK3CA
mutations, and what should be taken into consideration when
evaluating a negative liquid biopsy?

Our study evaluates data from patients who underwent genomic
profiling during routine clinical care to address these questions.

Materials and Methods
CGP

CGP results reported during routine clinical care were used in this
study. Approval for this study, including a waiver of informed consent
and Health Insurance Portability and Accountability Act waiver of
authorization, was obtained from the Western Institutional Review
Board (protocol 20152817). Studies were conducted in accordance
with the Declaration of Helsinki.
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Tissue biopsies from 33,977 patients with ABC were analyzed using
NGS assays FoundationOne (F1) or FoundationOne CDx (F1CDx).
The pathologic diagnosis of each case was confirmed on routine
hematoxylin and eosin–stained slides, and all samples forwarded for
DNA extraction contained a minimum of 20% tumor nuclei. Liquid
biopsies from 1,587 patients were analyzed using FoundationOneLi-
quid CDx (F1LCDx). F1, F1CDx, and F1LCDx are validated hybrid
capture–based CGP assays (9–11) performed in a Clinical Laboratory
Improvement Amendment–certified, College of American Patholo-
gists–accredited, New York State–approved laboratory (Foundation
Medicine).

CGP was performed on hybridization-captured, adaptor ligation-
based libraries for at least 324 cancer-related genes plus select introns
from at least 28 genes frequently rearranged in cancer, including the
full coding region of PIK3CA. Results were analyzed for base sub-
stitutions, short insertions/deletions (indels), rearrangements, and
copy-number alterations.

For patients with multiple submitted biopsies of the same type, a
single sample with the highest sequencing quality metrics was includ-
ed. For tissue/liquid concordance analysis, a convenience cohort of 206
patients with F1CDx and F1LCDx results was analyzed. A CONSORT
diagram for the Foundation Medicine genomics database analyses is
provided in Supplementary Fig. S1.

Clinico-genomic data
This study used the nationwide (U.S.-based) deidentified Flatiron

Health-Foundation Medicine clinico-genomic database (FH-FMI
CGDB). The deidentified data originated from approximately
280 U.S. cancer clinics (�800 sites of care). Retrospective longitudinal
clinical data were derived from electronic health record (EHR) data,
comprising patient-level structured and unstructured data, curated via
technology-enabled abstraction, and were linked to genomic data
derived from FMI CGP tests in the FH-FMI CGDB by deidentified,
deterministic matching. Institutional Review Board approval of the
study protocol was obtained prior to study conduct and included a
waiver of informed consent (WCG IRB).

Real-world cohort generation
This study cohort consisted of all patients with confirmed diagnosis

of ABC included in FH-FMI CGDB who had tissue or liquid biopsies
profiled between January 2011 and December 2021 (10,750 patients at

data cutoff of December 31, 2021). Patients with HRþ/HER2� ABC
and substitution or indels in PIK3CA predicted to be activating
(SOLAR1m and/or OTHERm) receiving FUL alone or ALPþFUL in
treatment line 2 or later were considered for the real-world validation
of SOLAR-1 trial results (2,977 patients). Tominimize bias introduced
by missing treatment data, patients with a metastatic diagnosis date
>90 days prior to their first visit in FH network, as well as patients with
FMI report dates >60 days from their last recorded FH visit, were
excluded. Only patients whose receptor status was known before
treatment of interest started were evaluated. To ensure cohort inde-
pendence, patients who received both FUL and ALPþFUL were
excluded from the analysis. Finally, only the patients with disease
progression data were included. Application of these criteria resulted
in a cohort of 182 ALPþFUL and 119 FUL patients eligible for further
treatment outcome analysis.

For the descriptive analysis of survival outcomes in patients without
SOLAR1m, patients with ABC of any receptor subtype, bearing only
non-SOLAR1 PIK3CAmutations (OTHERm) and treatedwithALP in
any combination were considered. To account for missing treatment
data, patients with FMI report date >60 days from their last recorded
FH visit were excluded. In this manner, a cohort of 77 eligible patients
was selected.

A CONSORT diagram for the FH-FMI CGDB analyses is provided
in Fig. 2. For further details about data analysis and endpoints, please
refer to Supplementary Materials and Methods.

Survival analyses
Data analysis was conducted in RStudio (R version 4.1.0). Themain

endpoint in this study was real-world PFS (rwPFS). rwPFS was defined
as a measure of time from the beginning of oncologist-defined, rule-
based line of therapy (LOT) to either the date of real-world progression
(rwP) or death. Because of the nature of real-world data (RWD),
alternatives to RECIST are required to identify rwP. FH utilizes RWD
collected in the EHR as part of routine clinical care to identify evidence
of a patient’s cancerworsening. Real-world overall survival (rwOS)was
an additional endpoint of interest. In FH-FMI CGDB, rwOS is defined
as the time from an index date to the date of death for individual
patients who have died. Deaths are identified using FH mortality
information, which has demonstrated high sensitivity, specificity, and
accuracy as compared with the National Death Index. In this study,
patients with missing record of progression or death were treated as
right censored.

The two groups receiving FUL and ALPþFUL were compared on
multiple demographic, clinical, and genomic characteristics. For
numeric variable comparison (e.g., age at diagnosis), Kruskal–
Wallis test was used. x2 test was used for categorical variables (e.g.,
tumor type). To control for the rate of type I errors in null hypothesis
testing when conducting multiple comparisons, the FDR method was
applied.

Kaplan–Meier time-to-event analysis was used to obtain esti-
mates of median rwPFS and survival curves with minimal bias.
Random forest algorithm was used for multiple imputation of
missing data. A logistic regression model including metastasis-
free interval (MFI), tumor type, biopsy type, metastases sites, tumor
mutational burden (TMB), PTEN mutation presence, prior che-
motherapy, prior CDK 4/6 inhibitor therapy and LOT number was
used to estimate individual propensity scores (Supplementary
Fig. S7). Predicted probabilities of being assigned to ALPþFUL
group were used for inverse probability of treatment weighting
(IPTW) to achieve a balanced distribution of confounders across
treatment groups and obtain less biased estimation of the treatment

Translational Relevance

Alpelisib is an a-selective inhibitor of PI3K, approved in com-
binationwith endocrine therapy (ET) for the treatment of hormone
receptor–positive/HER2-negative advanced breast cancer (ABC)
harboring one of 11 substitutions in exons 7, 9, and 20 of the
PIK3CA gene. This article validates the SOLAR-1 trial findings in a
real-world cohort, showing significant benefit of alpelisib/fulves-
trant compared with fulvestrant alone in patients with PIK3CA-
mutated ABC. Importantly, we observed substantial benefit in the
patients with PIK3CAmutations outside of the approved list of 11
substitutions, accounting for 20% of PIK3CA-mutated breast
cancer. These findings support the use of alpelisib in combination
with ET to treat patients with metastatic breast cancer harboring
activating mutations across the PIK3CA gene, including the C-
terminus (exon 20), the helical domain (exon 9), the p85 binding
domain (exon 1), the C2 domain (exon 4), and exon 13.
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effect. To compare the survival distributions between the FUL and
ALPþFUL groups, log-rank test was used.

For rwOS analysis, we used risk set adjustment, with the date of
LOT start as index date and the date FMI report was received as
entry date. Independent delayed entry assumption met: HR ¼ 1.004
[95% confidence interval (CI), 0.99–1.017], P ¼ 0.548, which
indicated that hazard of death did not depend on when sequencing
happened.

To describe individual subject’s patterns of response to ALP treat-
ment in the OTHERm group, we combined a swimmer plot with a
table, containing relevant information about each patient’s clinical and
genomic background. The final graph included a bar showing the
length of rwPFS in months for each patient, color coded by treatment
type and progression indicators.

Circulating tumor DNA fraction estimation in liquid biopsy
The levels of circulating tumor DNA (ctDNA) shed for each liquid

biopsy was quantified by calculating an investigational tumor fraction
(TF), which merges two methods for estimation. When TF is elevated
(≥10%), an estimate is returned on the basis of a measure of tumor
aneuploidy that incorporates observed deviations in coverage across
the genome. When lack of detectable tumor aneuploidy limits the
ability to estimate TF, a variant-based calculation is made by identi-
fying the highest allele fraction nongermline variant, excluding specific
clonal hematopoiesis–associated alterations. This aneuploidy-based
approach avoids erroneous inference of elevated TF due to the
presence of germline variants detected at high variant allele frequency
(VAF).

Data availability
The data supporting the findings of this study originated from

FoundationMedicine, Inc and Flatiron Health, Inc. These deidentified
data may be made available upon request, and are subject to a license
agreement with FH and FMI; interested researchers should contact the
corresponding author and cgdb-fmi@flatiron.com to determine
licensing terms.

Results
Distribution of pathogenic mutations along the PIK3CA gene

The 11 substitution mutations defined in the SOLAR-1 trial and
which form the basis of PCR hotspot tests such as therascreen RGQ
are found in the C2 domain (C420R), the helical domain (E542K,
E545K/G/A/D, Q546E/R), and in the C-terminal tail (H1047R/L/
Y; Fig. 1A). The full spectrum of pathogenic mutations identified by
CGP among 33,977 tissue biopsies showed clusters in every domain
but the Ras-binding domain and included not only a diverse
collection of substitutions, but indels as well (Fig. 1A). In-frame
indels clustered in the domain required for binding of p85 (the
regulatory subunit of the kinase encoded by PIK3R1) and in the C2
domain. A set of frameshift mutations at very end of the protein
function as extensions that activate the kinase by increasing its
affinity to the plasma membrane (ref. 12; Fig. 1A). For simplicity,
indels were grouped together according to domain in subsequent
analyses.

PIK3CA mutation detection in tissue and liquid biopsies
PIK3CA mutations were detected in 11,767/33,977 (35%) of tissue

biopsies: 8,251 (24%) had only SOLAR1m detected, 2,300 (7%) had
only OTHERm detected, and 1,216 (4%) harbored mutations of both
types. In total, 19.5% (2,300/11,767) of tissue biopsies with PIK3CA

mutations detected by CGP would have been missed by PCR testing
designed to exclusively detect mutations defined in the SOLAR-1 trial
(Fig. 1B).

ABC liquid biopsies contained detectable ctDNA in 94% of cases
(1,486/1,587). Among liquid biopsies with ctDNA content, 42% (622/
1,486) had PIK3CAmutations detected, with ratios of SOLAR1m and
OTHERm comparable with tissue (32% SOLAR1m, 6%OTHERm, 4%
both; Fig. 1C).

Several SOLAR1m made up the most prevalent PIK3CAmutations
in both the tissue and liquid cohorts: H1047R (38% of tissue; 34% of
liquid biopsies with PIK3CA mutations), E545K (21%; 24%), E542K
(13%; 13%). However, some of the 11 substitutions were vanishingly
rare: E545D was detected in 14 tissue samples and one liquid sample
(0.12% of tissue; 0.21% of liquid biopsies with PIK3CA mutations),
Q546E (0.20%; 0.21%), and H1047Y (0.27%; 0.21%). In contrast,
several OTHERm were quite prevalent in PIK3CAm ABC: N345K
(5.7% of tissue; 6.4% of liquid biopsies with PIK3CA mutations),
E726K (3.2%; 3.8%), and indels in the p85 binding domain (3.1%;
3.8%; Fig. 1D).

Concordance of tissue and liquid biopsy detection of PIK3CA
mutations

A cohort of 206 patients with both tissue and liquid biopsy
CGP results ordered in the course of routine clinical care was used
for concordance analysis between the two platforms (median
collection time difference was liquid specimen collected 12 months
after tissue specimen, interquartile range: 1.2–27 months). There
was 77% positive percent agreement (PPA) at the patient level
and 75% PPA at the variant level with tissue biopsy taken as
truth (Fig. 1E). Liquid biopsy detected 43 SOLAR1m and 16
OTHERm concordantly with tissue, detected five SOLAR1m and
six OTHERm that had not been detected in tissue, and missed
detection of 12 SOLAR1m and five OTHERm (Supplementary
Fig. S3). The 20 PIK3CA mutations detected in tissue but not in
liquid tended to have lower VAFs in the tissue biopsy (median
VAF 15%) compared with concordantly detected variants (median
VAF 39%; Supplementary Fig. S3).

Among the paired samples, PIK3CAmutation detection by liquid
increased to 95% PPA when the ctDNA fraction in the liquid biopsy
was at least 2%—a threshold that still included 78% of the paired
cohort (Supplementary Fig. S4). In the 77 samples with ctDNA
fraction ≥10% (37% of the 206 paired cohort), the sensitivity of
PIK3CA mutation in liquid detection was 100% (Fig. 1F). The
negative predictive value (NPV) of a liquid biopsy was 90% in all
206 pairs, and 100% in the 77 pairs with ctDNA fraction ≥10%
(Fig. 1E and F).

Comparison of PCR and CGP for PIK3CA mutation detection
We examined a subset of 128 patients who had both tissue CGP

and tissue PCR hotspot testing results [therascreen RGQ PCR,
which is designed to detect the 11 SOLAR1m (13)]. Thirty patients
positively detected as having a PIK3CAm tumor by PCR were all
also detected by CGP. Thirteen patients had an indeterminate PCR
result, and 5 of these were detected as PIK3CAm by CGP. One
patient who tested negative by PCR had a SOLAR1m identified
by CGP. Among the 72 patients with a negative PCR result, CGP
detected OTHERm in 7 patients (Supplementary Fig. S5A).

In summary, the total sensitivity of PCR with CGP as truth was
86% for SOLAR1m and 70% for all PIK3CAm (0% for OTHERm,
by design). No patients detected by PCR were missed by CGP
(Supplementary Fig. S5B).

Rugo et al.
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OTHERm as oncogenic drivers or as secondary mutations
We examined the types of OTHERm to investigate whether certain

mutations may be stronger oncogenic drivers than others. Mutations
that tended to be subclonal in tumor biopsies included glutamate to
lysine changes E970K, E365K, E453K, E81K, and E726K, as well as
E435Q, M1004I, R88Q, and M1043I (Supplementary Fig. S6A), many
of which also tended to be significantly enriched in samples containing
a SOLAR1m (Supplementary Fig. S6B and S6C). This class of
OTHERm may be appearing later in tumor evolution as secondary
mutations that enhancePIK3CA activation, in ciswith SOLAR1m (14),
and possibly as an acquired resistance mechanism to ET.

In contrast, the mutations that tended to be truncal (N345K,
G1049R, indels in the p85 binding and C2 domains, and exon 20
extensions; Supplementary Fig. S6A) were also among the most likely
to be detected in samples with no SOLAR1m (Supplementary Fig. S6B
and S6C), suggesting a functional redundancy, and that these muta-
tions are likely acting as strong oncogenic drivers in their own right.

Mutational landscape of tumors with OTHERm versus SOLAR1m
We compared the genomic landscape of 11,767 tissue biopsies with

PIK3CAmutations and 22,210 tissue biopsies without PIK3CAmuta-
tions to study associations of alterations in other genes. (Fig. 2). Genes
that were significantly enriched for coalterationwith PIK3CA included
MAP3K1,CDH1,andTBX3,consistentwithpreviousreports (2,15,16).
Losses ofCDH1 andTBX3 are hallmarks of invasive lobular carcinoma
(ILC), while MAP3K1 loss is associated with a luminal A phenotype;
both ILC and luminal A breast cancer have higher prevalence of
PIK3CAm. Alterations in several components of the PI3K signaling
pathway tended to be mutually exclusive with PIK3CA activation:
PIK3R1, AKT1, PTEN, and IGF1R, consistent with previous
reports (7, 17). Other mutually exclusive alterations were found in
BRCA1/2, KDM5A, CCNE1, MCL1, MYC, TP53, LYN, GATA3,
CDKN2A/B, RB1, FGFR1, and ZNF703.

The patterns of comutation and mutual exclusivity were strikingly
similar among the samples with SOLAR1m (N ¼ 9,467), the samples
with SOLAR1m in exon 9 (N ¼ 5,061) and exon 20 (N ¼ 4,287), the
samples with OTHERm and no SOLAR1m (N¼ 2,300) and the subset
of those samples with the most common OTHERm, N345K (N ¼
667; Fig. 2). The overall similarity of the genomic landscape between
samples with SOLAR1m and samples with only OTHERm suggests
that these different types of PIK3CA mutations occur in similar
genomic contexts in ABC.

Benefit of alpelisib in HRþ/HER2� patients with PIK3CA
mutations

We sought to validate the SOLAR-1 trial results with a real-world
dataset in patients with SOLAR1m, as well as explore outcomes for
patients with OTHERmwho would not have been enrolled in the trial.
In patients with available clinical characteristics and outcomes, 163
patients who received ALPþFUL were compared with 134 patients
who received FUL alone as treatment for ABC in the second line or
later. All of these patients had confirmed HRþ/HER2� receptor
subtype prior to receiving therapy, and at least one PIK3CAmutation
(CONSORT diagram in Supplementary Fig. S2A). The two cohorts
were generally well balanced: patient characteristics are shown
in Table 1, and variables included in IPTW and achieved balance are
shown in Supplementary Fig. S7). Patients in the ALPþFUL arm had
higher Eastern Cooperative Oncology Group (ECOG) performance
scores prior to the selected line of treatment, were more likely to have
had prior CDK4/6 inhibitor therapy, and were treated in later lines.
Imbalances between the two groups such as start date range (2012 for

FUL vs. May 2019 for ALPþFUL) and number of death events are
attributable to the much more recent FDA approval of ALP (2019)
than FUL (2002).

Compared with the PIK3CAm cohort in the SOLAR-1 trial,
the patients in this real-world cohort had younger median age
(56 vs. 63–64), higher ECOG scores (9% and 15% of ALPþFUL and
FUL patients had scores of 2þ whereas SOLAR-1 was limited to
0–1), and higher rates of visceral and central nervous system (CNS)
metastases (SOLAR-1 excluded patients with CNS metastases).
In the SOLAR-1 cohort, 5% and 6% of patients on the ALPþFUL
and FUL arms had been treated with cyclin-dependent kinase 4/6
inhibitors (CDK4/6i), compared with 97% of ALPþFUL and 48%
of FUL arm patients in the real-world cohort.

Despite ALPþFUL often being used in a later-line setting
than FUL, patients with PIK3CA mutations had longer rwPFS
with ALP: median rwPFS was 5.9 months on ALPþFUL (95% CI:
5.1–7.4) versus 3.1 months on FUL (95% CI: 2.7–3.7), log-rank
P < 0.0001 (Fig. 3). Patients receiving alpelisib also had longer
rwOS: 21.4 months (95% CI: 14.1–24.5) after ALPþFUL regimen
start versus 5.3 months (95% CI: 5.3–11.7) after FUL line start,
log-rank P < 0.0001 (Supplementary Fig. S8).

The majority of patients in this analysis had a SOLAR1m (Table 1).
We examined the patient subsets with and without SOLAR1m sep-
arately (Fig. 3B; Supplementary Fig. S9). In the 59 patients whose
tumors harbored OTHERm and no SOLAR1m, median rwPFS was
4months on ALPþFUL (95% CI: 2.8–10.1) versus 2.5 months on FUL
(95% CI: 2.2–3.7), log-rank P¼ 0.0054 (Fig. 3B). Subgroup analysis of
PFS showed consistent benefit of treatment with ALPþFUL over FUL
across the selected subgroups (Fig. 4), including similar HRs for
patients with SOLAR1m (N ¼ 198), OTHERm (N ¼ 59), or both
(N ¼ 44).

PFS on alpelisib in patients with OTHERm and no SOLAR1m
The set of patients withOTHERmhad a heterogeneous collection of

mutations. We examined whether certain mutations or mutations in
certain domains were more predictive of benefit. The swimmer plot
in Fig. 5 depicts the rwPFS of 77 patients (including the 59 considered
in the previous analysis) with OTHERm but no SOLAR1m who were
treated with ALP in any combination, at any point in their treatment
course, and regardless of hormone receptor subtype. Consecutive
treatment lines that contained ALP in different combinations are
presented contiguously in this analysis. Twenty nine patients (38%)
were treated with ALP for longer than 6 months, including 17 still on
therapy at the analysis cut-off date. Fourteen patients (18%) had been
on therapy less than 6 months without a progression event at analysis
cutoff.

The PIK3CA mutations in this cohort were diverse, with no
discernable association between specific variants and/or protein
domains and longer rwPFS. The 29 patients with rwPFS longer than
6 months harbored 37 mutations in: N345K (exon 4; 10), the p85
binding domain (exon 1; 9), the C-terminal tail (exon 20; 9), the C2
domain (exon 7; 4), E726K (exon 13; 3), and helical domain (exon 9;
2; Fig. 5). In 8 of these 29 patients, a liquid biopsy had been used to
detect the OTHERm.

Discussion
To our knowledge, this is the first study to examine survival out-

comes on ALP in the population with PIK3CAmutations known to be
oncogenic through preclinical data (7, 18–21) but not included in the
list of mutations examined in the SOLAR-1 trial. This study validates
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MAP3K1 4.0% 9.8% 10.2% 9.9% 10.5% 8.2% 8.5%
CDH1 8.0% 18.9% 19.1% 18.1% 20.7% 18.1% 24.3%
TBX3 3.0% 5.9% 6.0% 5.1% 7.1% 5.4% 6.3%

NF1 6.0% 8.4% 8.5% 8.4% 8.5% 8.3% 5.7%
SPEN 2.0% 3.2% 3.2% 2.5% 4.0% 3.0% 2.5%
MLL3 2.0% 3.2% 3.2% 3.1% 3.4% 3.2% 3.0%

ARID1A 6.0% 7.8% 7.6% 6.1% 9.5% 8.8% 7.5%
FGFR2 2.0% 3.4% 3.4% 3.0% 3.9% 3.7% 3.3%

MAP2K4 5.0% 5.9% 6.0% 5.4% 6.6% 5.7% 7.2%
ESR1 12.0% 14.0% 14.0% 12.3% 16.4% 14.0% 18.9%
EMSY 7.0% 7.6% 7.6% 7.6% 7.7% 7.4% 7.8%
IKBKE 3.0% 3.2% 3.1% 3.3% 2.8% 3.4% 2.4%

ERBB2 11.0% 12.6% 12.1% 13.4% 10.4% 14.3% 6.7%
MDM2 4.0% 4.8% 4.8% 4.6% 5.1% 4.7% 6.7%

PIK3C2B 4.0% 4.8% 4.8% 5.0% 4.5% 4.7% 4.8%
CCND1 18.0% 18.8% 18.8% 18.8% 18.5% 18.7% 23.5%
FGF19 17.0% 17.4% 17.4% 17.5% 17.1% 17.4% 22.3%
MDM4 4.0% 4.0% 4.0% 4.2% 3.7% 4.2% 3.6%
FGF3 16.0% 16.7% 16.7% 16.6% 16.4% 16.8% 22.0%

ZNF217 6.0% 6.6% 6.7% 6.1% 7.5% 6.2% 6.7%
FGF4 16.0% 16.4% 16.3% 16.3% 15.9% 16.6% 21.3%
AKT3 3.0% 3.0% 2.9% 3.1% 2.4% 3.8% 4.5%

AURKA 5.0% 4.5% 4.4% 4.1% 4.8% 4.7% 4.8%
GNAS 6.0% 5.8% 5.7% 5.5% 6.3% 5.9% 6.0%
KRAS 4.0% 3.9% 4.0% 3.8% 4.5% 3.3% 3.0%

ARFRP1 4.0% 3.2% 3.2% 2.8% 3.7% 3.6% 4.2%
ZNF703 15.0% 13.4% 13.5% 13.3% 13.7% 13.0% 12.9%
FGFR1 15.0% 12.2% 12.3% 12.3% 12.4% 11.8% 11.7%

RB1 9.0% 6.5% 6.4% 5.9% 7.1% 6.7% 3.6%
CDKN2B 6.0% 4.2% 4.3% 5.1% 3.3% 3.6% 1.2%

PTEN 14.0% 10.5% 10.0% 7.6% 12.6% 12.7% 7.3%
CDKN2A 8.0% 5.8% 5.8% 6.6% 4.9% 5.5% 2.7%

GATA3 11.0% 7.0% 6.6% 4.7% 8.8% 9.0% 11.2%
LYN 5.0% 3.3% 3.3% 3.1% 3.5% 3.1% 3.7%

BRCA2 6.0% 3.3% 3.1% 3.1% 3.1% 4.4% 2.4%
TP53 58.0% 42.1% 42.3% 43.6% 40.4% 41.4% 28.9%
MYC 23.0% 13.6% 13.4% 13.2% 13.3% 14.2% 11.1%

MCL1 7.0% 3.3% 3.0% 3.2% 2.6% 4.5% 4.0%
CCNE1 5.0% 2.0% 1.9% 2.2% 1.4% 2.1% 0.7%
IGF1R 3.0% 1.1% 1.0% 0.6% 1.4% 1.4% 1.9%

KDM5A 4.0% 1.1% 1.1% 1.1% 1.1% 1.0% 0.4%
AKT1 6.0% 1.6% 1.5% 1.3% 1.6% 2.2% 2.1%

BRCA1 5.0% 1.3% 1.2% 1.1% 1.2% 1.8% 1.6%
PIK3R1 5.0% 0.8% 0.7% 0.8% 0.7% 0.9% 0.3%

≥8
4 
2
1
0.5
0.25
≤0.125

Comutated with PIK3CAm or 
PIK3CAm subset

Odds ratio 

Mutually exclusive with
PIK3CAm or PIK3CAm subset

Bolded percentage: 
FDR<0.001 for significantly 
different prevalence from wild 
type samples

Bolded gene name: 
FDR<0.001 for significantly 
different prevalence in wild 
type versus samples with any 
PIK3CAm 

Odds ratio:
… etc.

Cases, N:

Figure 2.

The mutational landscapes of breast cancer tissue biopsies with SOLAR1m and OTHERm are similar. Co-occurrence andmutual exclusivity of other gene alterations
with PIK3CAmutations in 33,977 tissue biopsies from patients with breast cancer. Mutations, rearrangements, and copy-number alterationswere considered. Genes
with ≥3% prevalence of genomic alteration in the wild-type and/or PIK3CA-mutated (PIK3CAm) cohort are arranged in order of OR. Heatmap colors correspond to
degree of coalteration (blue) or mutual exclusivity (red) with PIK3CA mutations, as quantified by the log2 OR of being detected in the same sample as a PIK3CA
mutation, or a particular type of PIK3CA mutation. The cohorts compared with PIK3CA wild-type samples are: all PIK3CAm, all SOLAR1m, the SOLAR1m exon 20
subset, the SOLAR1m exon 9 subset, theOTHERmcohort, and theN345K subset of theOTHERmcohort. Prevalence ofmutations in each cohort indicated in each cell,
andboldedwhere FDR<0.001.P valuesweremultiple test corrected across all genes assayed (including those not displayed) using theBenjamini–Hochbergmethod.
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SOLAR-1 findings using a real-world cohort. It also shows that a
sizeable portion (20%) of patients with PIK3CA mutations would not
be identified by the companion diagnostic PCR hotspot test. Crucially,
this study finds that these patients with diverse OTHERm also have
longer rwPFS on ALPþFUL compared with FUL alone.

Our study suggests that 20% of PIK3CA-mutated breast cancer
would have been missed by therascreen companion diagnostic PCR
testing. When comparing NGS-based CGP with PCR hotspot testing

in a cohort of 128 patients with results from both assays, CGP testing
did not miss any samples with mutations detected by PCR, but PCR
testing missed some samples detected by CGP (including mutations
the PCR test was designed to detect). It is worth considering that PCR
hotspot testing may be less sensitive than CGP, and that CGP can
simultaneously yield information about other genomic alterations
relevant to breast cancer (germline and somatic BRCA1/2 alterations,
PTEN loss, ESR1 mutations associated with ET resistance, RB1

Table 1. Clinical, demographic, and genomic data of the patients in the compared cohorts.

Characteristic
Alpelisib, fulvestrant
(N ¼ 212)

Fulvestrant
(N ¼ 155) FDR

Age at Dx, yrs, Median (IQR) 56.0 (49.0–64.0) 56.0 (49.0–65.0) 0.844
Race 0.160
- Asian ≤5 ≤5
- Black 17 (8.0%) 10 (6.5%)
- White 134 (63.2%) 113 (72.9%)
- Other race 40 (18.9%) 28 (18.1%)
- Not documented 16 (7.5%) ≤5
Stage at Dx 0.365
- I 35 (16.5%) 18 (11.6%)
- II 77 (36.3%) 50 (32.3%)
- III 35 (16.5%) 28 (18.1%)
- IV 53 (25.0%) 43 (27.7%)
- IV 53 (25.0%) 43 (27.7%)
Metastases sites 0.921
- Bone-only 28 (13.2%) 19 (12.3%)
- CNS 38 (17.9%) 30 (19.4%)
- Visceral 146 (68.9%) 106 (68.4%)
MFI, mo, Median (IQR) 51.0 (2.8–114.7) 41.6 (0.0–91.4) 0.254
Community practice 188 (88.7%) 142 (91.6%) 0.428
Solid biopsy 174 (82.1%) 137 (88.4%) 0.193
Had SOLAR1m 176 (83.0%) 117 (75.4%) 0.285
PTEN loss 26 (12.3%) 12 (7.7%) 0.254
TMB, muts/Mb, Median (IQR) 2.5 (1.3–5.0) 2.6 (1.3–6.1) 0.254
MSI 0.492
- MSI-H ≤5 ≤5
- MSI-I ≤5 ≤5
- MSS 148 (69.8%) 115 (74.2%)
- Not documented 61 (28.8%) 40 (25.8%)
PD-L1 status 0.008a

- NEGATIVE 58 (27.4%) 28 (18.1%)
- POSITIVE 12 (5.7%) ≤5
- Not documented 142 (67.0%) 126 (81.3%)
ECOG 0.026a

- 0–1 148 (69.8%) 84 (54.2%)
- 2þ 19 (9.0%) 23 (14.8%)
- Not documented 45 (21.2%) 48 (31.0%)
Line number 0.001a

- 2 50 (23.6%) 62 (40.0%)
- 3 52 (24.5%) 44 (28.4%)
- 4þ 110 (51.9%) 49 (31.6%)
Prior chemotherapy 127 (59.9%) 76 (49.0%) 0.099
Prior CDK4/6i 206 (97.2%) 75 (48.4%) <0.001a

Start date, Median (Range) 2020-04-18 2017-08-22 <0.001a

(May 20, 2019 to
September 28, 2021)

(May 4, 2012 to
September 17, 2021)

Death events 90 (42.5%) 115 (74.2%) <0.001a

Note: Because alpelisib was approved in 2019, the average date of alpelisib/fulvestrant therapy line start is about 3 years later than the fulvestrant-alone cohort.
Patients tended to be treated with alpelisib in a later line (>50% in line 4þ vs. 32% for fulvestrant) and nearly all (97%) had been treated with a CDK4/6 inhibitor
previously. Patients treated with alpelisib had a higher level of functioning prior to the selected line of treatment, and higher rate of PD-L1 positivity.
Abbreviations: CDK4/6, CDK4/6 inhibitor; Dx, diagnosis; ECOG, Eastern Cooperative Oncology Group performance score; IQR, interquartile range; MFI, metastasis-
free interval; MSI: microsatellite instability; mut/Mb, mutations per megabase; TMB, tumor mutational burden.
aFDR < 0.05.
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mutations associated with CDK4/6i resistance) as well as genomic
biomarkers such as tumor mutational burden. In the phase II FAK-
TION trial, the AKT1 inhibitor capivasertibþ fulvestrant was initially
reported to improve PFS and OS compared with fulvestrant alone in
patients withHRþABC regardless of alternations in the PI3K pathway
using digital-droplet PCR detection of just four mutations in exons 9
and 20 (22). However, whenNGSwas used, the benefit of combination
therapy was only seen in patients with alterations in PIK3CA, AKT1,
and PTEN (23), confirming the importance of CGP in understanding
the benefit of targeted agents.

Vasan and colleagues (ref. 14; PMID: 31699932) reported enhanced
sensitivity to alpelisib and GDC-077 in cell lines engineered with
double-mutated PIK3CA over mutations E545K or H0147R alone,
and greater overall rate of response to taselisib in patients with two
mutations in a retrospective analysis of the SANDPIPER trial. We did
not observe this trend in our cohort. In 44 patients who had both
SOLAR1m and OTHERm, the observed HR (0.68) was similar to that
seen in patients with SOLAR1m (0.61) or OTHERm (0.54) alone.

This study corroborates previous findings that the landscape of
genomic alterations in breast cancer with PIK3CA mutations differs
from PIK3CAwild-type breast cancer, with characteristic enrichments
inMAP3K1, CDH1, andTBX3 loss-of-functionmutations, low rates of
coalteration in PIK3R1, AKT1, IGF1R, and PTEN (likely due to
redundancies in PI3K signaling), and significantly lower rates of
BRCA1/2, KDM5A, and MYC alterations. These patterns were found
to be highly similar across samples with SOLAR1m and with
OTHERm.

Our analysis of liquid biopsies from patients with breast cancer
showed that 94% of samples had detectable ctDNA, and highlights the
value of reporting an estimate of circulating TF in a liquid biopsy.
When TF is high (as it was in 37% of our paired cohort), liquid biopsy
has excellent NPV and the currently National Comprehensive Cancer
Network recommended reflex to tissue for a negative liquid biopsymay
have less value in these sample. On the other hand, when TF is low,
detection of PIK3CA mutations is still possible, but a negative result,
particularly with no other driver mutations detected, cannot be taken
at face value and should be confirmed with a tissue biopsy. As an
interesting aside, in the subgroup analysis of rwPFS in the HRþ/
HER2� cohort, the patients with a liquid biopsy result appeared to
have less significant benefit fromALPþFUL (Fig. 4).We speculate that
presence of ctDNA may be an unfavorable prognostic factor that
erodes some of the benefit of a targeted therapy. Nevertheless, as can
be seen in the OTHERm cohort swimmer plot, many patients who
had a PIK3CA mutation detected by liquid biopsy continued on
ALP therapy for more than 6 months. Liquid biopsy presents an
attractive, less invasive option for genomic profiling when meta-
static tissue is hard to obtain and will tend to yield informative
results in patients with the most urgent need—those with aggres-
sive, high-ctDNA-shedding disease.

A limitation of this study is that it is a retrospective analysis, where
the two treatment arms being compared had different median start
dates. Given the larger differential in rwOS than rwPFS observed, it is
possible that patients on the ALPþFUL arm had better prognosis than
those on the FUL arm. Because this is not a randomized controlled
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Figure 3.

PFS among patientswithPIK3CA-mutatedHRþHER2�breast cancerwas significantly longer on alpelisibþfulvestrant than fulvestrant alone.A,A total of 301 patients
who had documented progression record were included in comparison. Kaplan–Meier curves represent PFS estimation based on real PFS adjusted using IPTW
method (see Supplementary Fig. S7 for further details on IPTW). B, Subset analysis. In patients with breast cancer harboring OTHERm and no SOLAR1m, alpelisib
treatment resulted in significantly longer PFS than fulvestrant alone.
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trial, it is also difficult to exclude the possibility of systematic differ-
ences between patients on the two treatment arms. It is also likely that
changes in standards of care over that time affect the analysis (e.g., the
widespread use of CDK4/6i). Survival in this population has increased
over time, presumably due to more effective treatment options.

Although a recent SOLAR-1 analysis reported no significant dif-
ference in health-related quality of life between the ALP and placebo
arms of the trial (24), ALP does have a known side-effects and adverse
events profile. It is thus imperative to establish whether patients with
the rarer varieties ofPIK3CAmutations have clinicallymeaningful PFS
benefit. Prospective trials or larger retrospective studies are needed to
assess this question.

There are several other outstanding questions on which prospective
trials could shed light. One question is whether PI3K inhibitors could
be effective for tumors with other PI3K pathway component altera-
tions such as PTEN and PIK3R1 loss and AKT1 activation. A related
question is whether these alterations as comutations in PIK3CAm
tumors have amodifying effect on alpelisib response. It is worth noting
a recent report that found baseline phosphoprotein levels as functional
biomarkers predict benefit from PI3K pathway inhibitors (25),
although much work remains to validate and commercially scale such
assays to reach the companion diagnostic standards of PCR and NGS.
Alpelisib is being evaluated in the treatment of HER2þ ABC, where
PI3K signaling may be a form of resistance to HER2 inhibition (26).

Subtype No. of 
patients AF F Hazard ratio for progression or death (95% CI)

All 301 182 119 0.61 (0.50–0.75)

PIK3CA mutation subtype

SOLAR1m 198 124 74 0.61 (0.48–0.78)

OTHERm 59 32 27 0.54 (0.34–0.84)

SOLAR1m & OTHERm 44 26 18 0.68 (0.40–1.16)

PTEN alteration

Yes 31 21 10 0.57 (0.30–1.08)

No 270 161 109 0.62 (0.50–0.76)

Sites of metastases

Bone-only 39 25 14 0.27 (0.12–0.64)

CNS 57 32 25 0.53 (0.35–0.81)

Visceral 205 125 80 0.69 (0.54–0.88)

Previous CDK4/6 inhibitor 
treatment

Yes 237 177 60 0.46 (0.35–0.60)

No 64 5 59 0.69 (0.34–1.42)

Previous chemotherapy

Yes 170 108 62 0.62 (0.47–0.80)

No 131 74 57 0.61 (0.45–0.83)

Line of treatment in 
advanced disease

2 89 45 44 0.59 (0.40–0.86)

3 73 42 31 0.60 (0.41–0.88)

4+ 139 95 44 0.55 (0.40–0.75)

Biopsy type

Liquid 48 32 16 0.87 (0.52–1.45)

Solid 253 150 103 0.56 (0.45–0.70)

0.1 1.0 10.0

Alpelisib+fulvestrant better Fulvestrant better

Figure 4.

Subgroup analysis of PFS in the HRþ/
HER2� PIK3CA-mutated breast can-
cer cohort. Alpelisib showed consis-
tent benefit of treatment over fulves-
trant across the selected subgroups.
Confidence intervals have not been
adjusted for multiple comparisons.
Some patients had more than one
PIK3CA mutation. AF, alpelisib/ful-
vestrant combination therapy; F, ful-
vestrant monotherapy; CNS, central
nervous system; CDK4/6 inhibitor,
abemaciclib, palbociclib, or ribociclib.
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Figure 5.

PFS among patients with OTHERm treated with alpelisib in any combination. Swimmer plot representing rwPFS of 77 patients with OTHERm and no SOLAR1m,
clustered by exon location of the OTHERm. For patients who had OTHERm in more than one exon, swimmer lanes are presented in all relevant exons. The column
labeled “#” represents patient identification number, in order of descending PFS. Treatment line number (“ALP line”): whether a patient had a tissue or liquid biopsy
profiled, receptor subtype, and prior chemotherapy and CDK4/6 inhibitor treatment are indicated for each patient.
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The patient withOTHERmwho stayed on alpelisib therapy the longest
in our clinically annotated cohort had HRþ/HER2þ ABC and was
being treated with alpelisib, fulvestrant, and trastuzumab in combi-
nation. Ongoing studies are evaluating the efficacy of alpelisib in
HER2þ and in triple-negative breast cancers that harbor PIK3CA
mutations. Finally, with the advent of more selective, H1047R-specific
inhibitors of PI3Ka like LOX-22783 (27) or inhibitors targeting
downstream targets like AKT1 (23), it will be important to compare
the efficacy and durability of response to ATP-competitive inhibitors
like ALP.
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