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Abstract

Activating mutations in P/K3CA are frequent in human breast cancer, and phosphoinositide 3-
kinase alpha (P13Ka) inhibitors have been approved for therapy. To characterize determinants of
sensitivity to these agents, we analyzed P/IK3CA-mutant cancer genomes and observed the
presence of multiple P/IK3CA mutations in 12 to 15% of breast cancers and other tumor types,
most of which (95%) are double mutations. Double P/K3CA mutations are in cis on the same
allele and result in increased PI3K activity, enhanced downstream signaling, increased cell
proliferation, and tumor growth. The biochemical mechanisms of dual mutations include increased
disruption of p110a binding to the inhibitory subunit p85a, which relieves its catalytic inhibition,
and increased p110a membrane lipid binding. Double P/IK3CA mutations predict increased
sensitivity to PI3Ka inhibitors compared with single-hotspot mutations.

Across all human cancers, PIK3CA is the most frequently mutated oncogene (1). It codes
for p110a, the catalytic subunit of the phosphoinasitide 3-kinase alpha (P13Ka)) complex,
which is necessary for normal growth and proliferation (2). PI3Ka, which is composed of
p110a and the regulatory subunit p85a, catalyzes the phosphorylation of the lipid
phosphatidylinositol 4,5-bisphosphate (PIP,) to phosphatidylinositol 3,4,5-trisphosphate
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(PIP3), which in turn initiates a downstream signaling cascade involving the activation of
AKT and mammalian target of rapamycin (mTOR) (3). PI3Ka is activated by binding to
membrane-bound receptor tyrosine kinases (RTKs) and can be constitutively activated by
oncogenic mutations. Many distinct cancer-associated P/IK3CA mutations have been
identified, including hotspot single—amino acid substitutions in the helical (E542K and
E545K) or kinase (H1047R) domains (4). These mutations are considered oncogenic in
multiple cancer histologies (5, 6), including breast cancer (7, 8), in which PIK3CA
mutations are present in 40% of estrogen receptor—positive (ER+), human epidermal growth
factor receptor 2— negative (HER2-) primary and metastatic tumors (9), and are a target for
cancer therapy.

On the basis of this hypothesis, several PI3K inhibitors with various degrees of specificity
have been studied in clinical trials in patients with P/K3CA-mutant breast cancer. Initial
studies with less specific compounds showed activity, although toxicities precluded their
clinical development (10-13). More recently, the selective PI3Ka inhibitor alpelisib has
shown improved tolerability (14-16), and a large randomized phase 3 clinical trial has
shown improved progression-free survival (PFS) in patients with ER+ P/K3CA-mutant
metastatic breast cancer (17). As a result, alpelisib has been recently approved by the Food
and Drug Administration for therapy in patients with advanced ER+ breast cancer harboring
PIK3CA mutations.

In early clinical trials, we had observed that there was also a population of patients who
displayed deep and prolonged clinical benefit from alpelisib (14, 18). In search of genomic
signals of improved clinical response to PI3K inhibitors, we identified double PIK3CA
mutations as a biomarker candidate. This finding prompted us to undertake a comprehensive
analysis of the prevalence of these mutations and investigate their potential biological
relevance and correlation with sensitivity to PI3Ka inhibitors.

Durable responses to alpelisib in some patients with double—-PIK3CA-mutant breast cancer

We previously reported on a patient with breast cancer who had a highly durable response to
alpelisib monotherapy and eventually developed acquired resistance through convergent
PTEN mutations (18). In the primary and metastatic lesions of this patient, we also detected
the presence of double PIK3CA mutations, with equal variant allele frequencies (VAFs) of
both mutations (fig. S1A). We analyzed data from a phase 1 clinical trial (7= 51 patients)
investigating alpelisib with an aromatase inhibitor in heavily pretreated patients with ER+
metastatic breast cancer (NCT01870505), in which tumor P/IK3CA mutational status was
determined by the next-generation sequencing (NGS) platform MSK-IMPACT (Memorial
Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets) (19). Patients
with double—P/K3CA-mutant tumors had a longer median PFS than did patients with single-
mutant tumors or wild-type (WT) tumors, but this was not statistically significant because of
the small number of cases (fig. S1B). We hypothesized that this sensitivity was due to PI3K
inhibition rather than the hormonal therapy because patients with double—P/K3CA-mutant
tumors do not have improved PFS when they are treated with aromatase inhibition or the ER
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degrader fulvestrant alone compared with patients with single-mutant or WT tumors on
retrospective analysis (fig. S1C).

Double—-PIK3CA-mutant tumors are frequent in breast cancer and other tumor histologies

We analyzed a publicly available cancer-patient cohort (1= 70,754) across different
histologies from the cBioPortal for Cancer Genomics (20, 21) and identified a total of 4526
PIK3CA-mutant tumors, 576 (13%) of which contained multiple P/K3CA mutations (Fig.
1A and table S1). We recapitulated these findings using a cohort from our institution
enriched for metastatic tumors (7= 28,139) across different cancer types sequenced by
MSK-IMPACT (19). We identified 3740 PIK3CA-mutant tumors, 451 (12%) of which
contained multiple P/IK3CA mutations (fig. S2A and table S2). In both the cBioPortal and
MSK-IMPACT cohorts, breast, uterine, and colorectal cancers had the greatest number of
multiple-P/K3CA-mutant tumors. We also analyzed individual breast cancer subsets and
found similar frequencies of multiple-P/K3CA-mutant breast cancer in METABRIC
(Molecular Taxonomy of Breast Cancer International Consortium) (13%) (22), TCGA (The
Cancer Genome Atlas) (11%) (23), and other data sets (8%) (fig. S2B) (24-26). Most (88 to
96%) multiple-P/K3CA-mutant tumors in all of these patient cohorts carry exactly two
mutations (fig. S2C).

We next investigated potential patterns of comutation. In most double—P/K3CA-mutant
breast tumors, one of the mutations was either a helical or kinase domain major-hotspot
mutation (involving E542, E545, or H1047) (fig. S2D and tables S1 and S2), which are the
most common alterations in single-mutant tumors. We performed codon enrichment analysis
and determined that second-site E726, E453, and M1043 mutations were most significantly
enriched in multiple-mutant tumors compared with single-mutant tumors in the cBioPortal
(Fig. 1B) and MSK-IMPACT (fig. S1E) breast cancer datasets; this is compared with E542,
E545, or H1047 mutations, which are equally distributed between single- and multiple-
mutant tumors. Almost all tumors containing second-site E726, E453, or M1043 mutations
in cBioPortal (7= 70; 88%) and MSK-IMPACT (1= 43; 100%) also contained E542, E545,
or H1047 mutations (fig. S2D and tables S1 and S2). In the non-breast-cancer cohorts, E88
and E93 second-site mutations were the most statistically significantly enriched (Fig. 1B and
fig. S2E). Thus, the most frequent double—P/K3CA-mutant tumor combinations in breast
cancer are composed of a canonical “major-mutant” hotspot (involving either E542, E545, or
H1047) combined with a second “minor-mutant” site (involving either E453, E726, or
M1043) (Fig. 1C). These recurrent mutational sites appear to be specific to breast cancer
compared with other cancer histologies.

To determine whether double mutants are in the same cell, we used the FACETS (Fraction
and Allele-Specific Copy Number Estimates from Tumor Sequencing) tool (27) to analyze
clonality of double-mutant tumors from a large clinically annotated breast cancer cohort (7=
1918) that our group has recently published (9). Of the tumors that contained the most
frequent double-mutant combinations in breast cancer—E545K or H1047R major hotspots
and E453, E726, or M1043 minor mutations—maost (42 of 62; 68%) are clonal for both
mutations (Fig. 1D). This was concordant with interpatient VAFs of multiple-mutant breast
tumors from cBioPortal (fig. S2F), which follow a 1:1 linear distribution. We performed
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additional clinicogenomic analysis of double-P/K3CA-mutant breast tumors from
METABRIC (22) and our published cohort (9) (Fig. 1E and fig. S3). Double P/IK3CA
mutations are enriched in hormone receptor—positive (HR+), HER2-breast cancers
compared with other receptor subtypes (including HER2+ and triple-negative breast cancers)
(15.4% versus 5.4%; P=0.004) (Fig. 1E) and occur at similar frequencies in therapy-naive
primary tumors and metastatic tumors (11.6% versus 15.7%; P = 0.130) (Fig. 1E). Invasive
disease—free survival and overall survival are similar between patients with multiple and
single PIK3CA mutations in univariate and multivariate analyses (fig. S4).

Double PIK3CA mutations are in cis on the same allele

Any two mutations in the same gene in a cell can be on the same allele (in cis) or on separate
alleles (in trans). Because double P/K3CA mutations are most often clonal (in the same
cell), establishing their allelic configuration is important because cis mutations would result
in a single protein with two mutations, whereas trans mutations would result in two proteins
with separate individual mutations, and these could have different functional consequences.

To study the allelic configuration of double mutations, we faced several technical hurdles
based on our observation that the most frequent double A/K3CA mutants are located far
apart in genomic DNA (fig. S2A). An initial limitation is that tumor specimens are
classically preserved as formalin-fixed, paraffin-embedded (FFPE) samples, which results in
fragmented genomic DNA and RNA of ~200 nucleotides, prohibiting the phasing of
recurrent double PIK3CA mutations (fig. S5A). We overcame this by obtaining fresh, frozen
tumor samples from patients who were known, by MSK-IMPACT, to carry two PIK3CA
mutations in their tumors. This could be done only for patients with metastatic disease
(because most patients who underwent primary breast tumor resection had only FFPE
samples available). In addition, even with fresh, frozen tumor samples, current NGS library
construction methods limit the allelic phasing of fragments to ~300 nucleotides, again
prohibiting this type of analysis for the most recurrent double P/K3CA mutations (fig. S5A).
To resolve this technical limitation, we applied two alternative approaches. First, from our
initial double-mutant E545K/E726K breast tumor with high VVAF, we performed bacterial
colony Sanger sequencing and found that 14 of the 14 (100%) mutant cDNA inserts
contained double mutations in cis (fig. S5B). The same technique was applied to the double—
PIK3CA-mutant BT20 breast cancer cell line P539R/H1047R, in which 13 of the 14 (92%)
mutant cDNA inserts contained double mutations in cis (fig. S5C).

Although Sanger sequencing of bacterial colonies can be used to determine the allelic
configuration of double mutants, it is a heterologous system, exhibits low efficiency in
biopsies with low cancer-cell fraction, and is indirect for some double mutants that are far
apart in the gene and that require separate priming reactions. To solve these limitations, we
used single-molecule real-time sequencing (SMRT-seq) (fig. S5D) (28), which uses long-
range sequencing of circular DNA templates, enabling direct phasing of the allelic
configuration of all recurrent double P/IK3CA mutants that are far apart in the gene.

We first analyzed BT20 cells as a control and three additional double—P/K3CA-mutant
breast cancer cell lines with unknown allelic configurations: CAL148 (D350N/H1047R),
MDA-MB-361 (E545K/K567R), and HCC202 (E545K/L866F) (fig. S5E). Whereas BT20
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and CAL148 cell lines contain cis mutations, MDA-MB-361 cells contain trans mutations.
HCC202 contains E545K and L866F mutations in trans but also E545K and 1391M
mutations in cis. Thus, we concluded that SMRT-seq is feasible to phase the allelic
configuration of P/IK3CA mutations and recurate known cell line mutations.

Six fresh tumor samples from patients were obtained, including samples with E542K-
E726K, E545K-E726K, E453K-H1047R, and E545K-M1043L double P/K3CA mutations,
which are representative of the most frequent double mutants in breast cancer (Fig. 1C).
Samples were analyzed by SMRT-seq, and all contained double mutations in cis (Fig. 1F).

We also used MSK-IMPACT (table S3) and RNA sequencing (table S4) on breast tumors
from TCGA (23) to investigate the allelic configuration of less frequent double PIK3CA
mutants located close together in the gene. These findings support that double PIK3CA
mutations are mainly found as cis mutations in breast cancer.

Double PIK3CA mutations in cis hyperactivate PI3K and enhance proliferation

We hypothesized that cis P/IK3CA mutants demonstrate a hypermorphic function because
they code for a single protein molecule with both major and minor mutations of varying
activating capacities. Taken individually, the minor P/IK3CA mutations E453, E726, and
M1043 demonstrate mild transforming activity in vitro compared with the major mutations
E542, E545, and H1047 (29). E542K and E545K single-hotspot mutants are predicted to
have similar mechanisms of activation (30), and we posited that mutations at the same amino
acid position also have similar mechanisms. Thus, we explored the effects of double
PIK3CA mutations on the activation of the PI3K pathway and cell proliferation focusing on
the E453Q/E545K, E453Q/H1047R, E545K/E726K, E726K/H1047R, and E545K/M1043L
cis mutants and their constituent single mutants.

We stably overexpressed each cis mutant and constituent single mutant in MCF10A breast
epithelial cells and NIH-3T3 mouse fibroblasts, both of which have been previously used to
characterize PIK3CA mutations (7, 31), and in MCF7 ER+ breast cancer cells engineered to
carry a PIK3CAWT background (32). Double PIK3CA mutations in cis increased
downstream PI3K pathway signaling when compared with single-hotspot mutants, as
evidenced by increased phosphorylation of AKT, PRAS40, and S6 under serum starvation in
MCF10A cells (Fig. 2A), NIH-3T3 cells (Fig. 2B), and MCF7 cells (fig. S6A). All cis
mutants are capable of additional stimulation by growth factor, as shown by platelet-derived
growth factor- BB (PDGF-BB) or insulin-like growth factor 1 (IGF1) stimulation of
NIH-3T3 cells (fig. S6B), although certain phosphoproteins are not further stimulated by
growth factor (e.g., pS6 under IGF-1 stimulation). Cis mutants prolonged downstream
signaling kinetics, as demonstrated by the E726K/H1047R MCF10A mutant, which
maintains increased phosphorylated AKT up to 48 hours (Fig. 2C). Cis mutants displayed
increased proliferation compared with single-hotspot mutants (Fig. 2D and fig. S6C). By
contrast, mutations in trans do not increase MCF10A cell signaling (fig. S6D) and growth
proliferation (fig. S6E) more than single mutations do, as demonstrated by E726K and
H1047R.
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We next investigated whether cis mutant cells enhance tumor growth in vivo compared with
single mutants. NIH-3T3 allografts expressing the E726K/H1047R cis mutant demonstrated
increased tumor growth compared with H1047R or E726K (Fig. 2E). There was no
difference in tumor growth between the single mutants and WT, supporting the notion that in
some model systems, single-hotspot P/IK3CA mutations are weakly oncogenic (33, 34). In
parallel to the enhanced tumorigenicity, and in concordance with our observations in cell
culture, E726K/H1047R cis mutant NIH-3T3 tumors exhibited higher activation of the PI3K
pathway, as shown by increased phosphorylation of AKT on western blotting (Fig. 2F) and
by immunohistochemistry (Fig. 2G).

Double PIK3CA mutations in cis combine biochemical effects of single mutants

We next investigated the biochemical mechanism of activation of PI3Ka by double PIK3CA
mutations in cis. p110a is constitutively bound to p85a, and this interaction stabilizes its
structure, inhibiting its catalytic activity (35, 36). The prevailing model of PI3Ka activation
occurs through the engagement of p85a. with phosphotyrosines on RTK signaling
complexes. This interaction translates to a partial release of p85a from p110a, which
relieves catalytic inhibition (37). Single oncogenic mutations recapitulate these events in
distinctive ways in the absence of phosphotyrosine binding, by weakening the interactions
between p110a and p85a. (mutants that we term “disrupters™) (37) or promoting binding to
the membrane (mutants that we term “binders”) (37-39). We structurally mapped the
constitutive single mutants and postulated that E545K and E453Q act as disrupters, whereas
E726K, H1047R, and M1043L act as binders (Fig. 3, A and B; fig. S7, Ato D, and
supplementary text). Notably, none of these mutants are involved directly in the PI3Ka
catalytic mechanism (40). We purified recombinant full-length PI3Ka complexes containing
single and double cis p110a mutations (fig. S8A and supplementary text) to dissect the
biochemical mechanisms by which these double P/K3CA mutations in cis modulate p85a
disruption, lipid binding, and kinase activity.

We modeled cis mutant disruption of p85a using thermal shift assays, which expose proteins
to increasing levels of heat to determine the melting temperature. Unstable proteins will
readily denature and aggregate at lower temperatures. p110a depends on its interaction with
p85a to properly fold, and weakening their association renders them thermally labile (36,
41). All of the cis mutants we tested demonstrated additively increased thermal instability, as
quantified by decreased melting temperatures, compared with each of their constituent minor
and major mutants (Fig. 3C and fig. S8B).

We measured basal recombinant kinase activity using radioactive in vitro kinase assays,
assessing for levels of radiolabeled 32P-PIP5 by thin layer chromatography. E453Q/E545K,
E453Q/H1047R, ES45K/E726K, and E545K/M1043L cis mutants demonstrated increased
basal kinase activity compared with each of their constituent minor or major mutants (Fig.
3D).

To assess whether cis mutants increase lipid binding, we performed liposome sedimentation
assays with liposomes containing anionic lipids (modeled after the inner leaflet of the
plasma membrane) with and without 0.1% PIP, (the physiologic concentration), given
differential contributions to lipid binding to PI3K (42). E453Q/E545K, E453Q/H1047R,
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E545K/E726K, and E726K/H1047R cis mutants showed additively increased binding to
anionic and PIP, liposomes compared with their constituent single mutants (Fig. 3, E and F).

Double PIK3CA mutations in cis are hypersensitive to PI3K inhibition in cells

Our biochemical data suggest that double P/K3CA mutations in cis increase PI13Ka activity.
However, median inhibitory concentration (1Csp) values for the PI3Ka inhibitors alpelisib
and GDC-0077 are similar among the recombinant single and cis mutant PI3Ka complexes
(fig. S8C). Similar phenomena have been observed with other targetable oncogenes, where-
in both WT and translocated and/or mutant proteins are inhibited at clinically attainable drug
concentrations (43, 44).

Our functional data suggest that double P/K3CA mutants in cis result in a constitutive
activation of PI3K signaling, implying that cells bearing these mutations are more dependent
on the PI3K pathway for proliferation and survival. Therefore, we tested whether cis mutant
cells exhibit differential sensitivity to PI3Ka inhibitors. Whereas in the absence of
pharmacological pressure cis mutant signaling is increased compared with single mutants,
treatment with the PI3Ka inhibitors alpelisib or GDC-0077 (45) results in a similar
inhibition of phosphorylated AKT and S6 among all the MCF10A clones (Fig. 4, A and B).
Similar results were obtained in NIH-3T3 cells (fig. S9A) and MCF7 cells (fig. S9B). We
then used our MCF10A cell culture models to test cell growth on PI3Ka inhibition. E545K
and H1047R major-hotspot mutants are more sensitive to alpelisib (Fig. 4C) and GDC-0077
(Fig. 4D) compared with minor mutants and WT. In turn, all cis mutants are synergistically
more sensitive to alpelisib and GDC-0077 compared with single major and minor hotspots
(Fig. 4, C and D) with respect to I1Csq, Ermax, and the area under the curve (46) (fig. S9C).
Cis mutants are also more sensitive to the downstream PI13K pathway mTORC1 allosteric
inhibitor everolimus compared with single mutants (Fig. S9D). By contrast, mutations in
trans are less sensitive to alpelisib, compared with cis mutants, and are no more sensitive
than the single major mutant, as demonstrated by E726K/H1047R (fig. S9E).

Multiple—PIK3CA-mutant tumors exhibit increased response to PI3K inhibition in patients

We investigated the potential correlation between multiple P/K3CA mutations and clinical
response to PI3K inhibitors in metastatic breast cancer. We analyzed response data from
SANDPIPER (12), a phase 3 clinical trial that tested the efficacy of the PI3Ka/y/8 inhibitor
taselisib (GDC-0032) in combination with fulvestrant, versus a placebo and fulvestrant, in a
metastatic ER+ breast cancer patient population enriched with P/K3CA mutations (n= 631
patients). This is, to date, the largest randomized clinical study testing a PI3K inhibitor in a
PIK3CA-mutant patient population.

Many patients with metastatic ER+ breast cancer enrolled in this trial had bone metastases,
which renders DNA sequencing particularly challenging (47). Thus, we used circulating
tumor DNA (ctDNA), which has been used in previous breast cancer clinical trials (10, 17,
48, 49), to detect the presence of mutations (fig. S10). Of the 631 patients in the trial, 598
had plasma samples available for analysis, of which 508 were adequate for testing (Fig. 5A).
Of the 339 patients with detected P/IK3CA mutations, 66 (19%) had two or more PIK3CA
mutations (Fig. 5A). Notably, this is slightly higher than the frequency we observed from
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archival tumor testing (12%) and may reflect the ability of ctDNA to detect global tumoral
heterogeneity compared with tumor biopsy of a single site.

The waterfall plot (Fig. 5B) shows the individual P/IK3CA-mutant patient responses to
taselisib. We examined differences in the objective response rate (ORR), which is defined as
tumor shrinkage of 230% by RECIST version 1.1 criteria (50). P/IK3CA-mutant patients in
the taselisib arm (7= 236) had an ORR of 20.3% versus 9.7% compared with those in the
placebo arm (n7=103) [95% confidence interval (Cl) 15.5 to 25.9% versus 4.8 to 16.7%; P=
0.0202] (Fig. 5C). This result confirms that the presence of P/IK3CA mutations predicts
response to PI3Ka inhibition (10, 11, 13, 17).

We then compared responses of patients with single versus multiple mutations. Single—
PIK3CA-mutant patients in the taselisib arm (7= 193) had an ORR of 18.1% versus 10.0%
compared with those in the placebo arm (7= 80), a non-statistically significant difference
(95% CI 13.0 to 24.2% versus 4.4 to 18.1; P=0.0981) (Fig. 5D). On the contrary, multiple—
PIK3CA-mutant patients in the taselisib arm (n7=43) achieved an ORR of 30.2% versus
8.7% compared with those in the placebo arm (7= 23), which is a statistically significant
difference (95% CI 18.4 to 44.9% versus 1.6 to 26.8%; P=0.0493) (Fig. 5E). These findings
confirm our initial observation that breast cancer patients with multiple-mutant tumors may
achieve higher clinical benefit from PI3Ka inhibition compared with those with single-
mutant tumors.

Discussion

In this work, we have identified double mutations in cis as a distinctive and relatively
common genomic alteration in P/K3CA, the most frequently mutated oncogene in human
cancer (51). Double PIK3CA mutations in cis activate PI3K pathway cellular signaling and
promote growth more so than single mutants do through a combination biochemical
mechanism of increased membrane binding and increased p85a. disinhibition. The overall
consequence of these cis mutations is a phenotype of enhanced oncogenicity and greater
sensitivity to PI3Ka inhibitors. We propose that against a backdrop of moderately oncogenic
single PIK3CA major mutations, the addition of a weakly oncogenic minor mutation [which
comprise ~60% of P/K3CA oncogenic mutations (30)] in cis may synergize and result in a
PIK3CA-hypermorphic phenotype.

Although cancers can accumulate numerous mutations in functionally relevant genes, some
tumors depend on one gene for the development and maintenance of the malignant
phenotype, a dependency that has been described as oncogene addiction (52, 53). Oncogene
addiction has been successfully therapeutically exploited with a series of oncogene-targeted
therapies that have altered the natural history of a number of previously highly lethal human
cancers (54-56). Our results implicate a model of oncogene addiction to double-mutant
PIK3CA in breast cancer. This would result in a greater response to PI3Ka inhibition
compared with single mutations, both in preclinical models and in the clinic. Our clinical
findings, however, should be interpreted with caution. Although the SANDPIPER study met
its primary PFS endpoint, a high percentage of patients experienced toxicities that limited
prolonged clinical exposure to this agent and resulted in a suboptimal risk/benefit ratio. One
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possible explanation for this toxicity is that taselisib, despite its greater sensitivity for mutant
PI3Ka than for WT PI3Ka, also displays activity against PI3Ky and PI3K& isoforms (57).
The results from clinical studies testing other, more specific PI3Ka inhibitors will be critical
to confirm the generalizability of our findings and ascertain whether an increased ORR will
translate into a PFS benefit.

The common practice of sequencing only certain single-nucleotide variants or some but not
all exons across a gene likely underestimates the frequency of multiple mutations in
PIK3CA mutant cancers at <1% (58, 59). In fact, the true frequency is ~10 to 19%, which
translates to a clinically meaningful number of patients who may derive additional benefit
from this targeted therapy. PI3Ka inhibitors are now a standard of care in P/IK3CA-mutant
ER+ metastatic breast cancer and are being explored in other PIK3CA-mutant tumor
histologies (60). Our findings provide a rationale for testing whether patients with multiple—
PIK3CA-mutant tumors are markedly sensitive to PI3Ka inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Double PIK3CA mutations are frequent across all cancers, including breast cancer, and
arein cison the sameallele.

(A) Bar plot showing number and frequency of multiple-P/K3CA-mutant tumors among
PIK3CA-mutant tumors across different cancer histologies (cBioPortal). Cancer types with
<100 cases with PIK3CA mutations are magnified in the inset. (B) Codon enrichment
analysis of significantly recurrent P/IK3CA amino acid mutations in multiple-P/K3CA-
mutant tumors (cBioPortal). Samples containing the same double mutant are depicted as a
circle, sized according to the number of samples. Samples colored in pink (breast tumors) or
blue (non-breast tumors) are those with an FDR-corrected P value (g-value) <0.01. Statistics
were calculated independently by using two-sided Fisher’s exact tests. (C) List of the most
frequent double—P/K3CA-mutation combinations in breast cancer (cBioPortal and MSK
IMPACT). (D) Clonality analysis by FACETS (27) of multiple-P/K3CA-mutant breast
tumors containing major and minor mutations (7= 62 tumors) (MSKCC dataset) (9). Data
are mean + 95% CI. ****P < (0.0001 by two-sided Fisher’s exact test. (E) Bar chart of
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frequency of multiple—P/K3CA-mutant breast tumors among primary versus metastatic
cancers and by receptor subtype (MSKCC dataset) (9). NS, not significant; **P < 0.01 by
two-sided Fisher’s exact test. (F) SMRT-seq phasing of allelic configuration of PIK3CA
double-mutant breast tumors. Cis mutations are shown as red vertical squares, trans
mutations are single yellow or green squares, and WT sequences are gray vertical squares, in
order of amplicon frequency. Single-letter abbreviations amino acid residues: A, Ala; C,
Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr.
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Fig. 2. Double PIK3CA mutationsin cisactivate the PI3K pathway in vitro and in vivo morethan

single PIK3CA mutations.

(A and B) Western blotting of PI3K effectors of PIK3CA mutant stably transduced (A)
MCF10A cells and (B) NIH-3T3 cells, serum starved for 1 day. The arrow indicates pAKT
(T308). (C) Western blotting of PI3K effectors of PIK3CA mutant MCF10A cells, serum
starved for the indicated time points. (D) Growth proliferation time course of PIK3CA
mutant MCF10A cells serum starved over 4 days. Data are mean £ SEM (7= 3 replicates).
(E) NIH-3T3 murine allograft tumor growth. Data are mean £ SEM (n=4, 4, 4, 4, 3). *P<
0.05 by two-sided Student’s ftest. (F and G) Western blotting for PI3K effectors (F) and
immunohistochemistry of pAKT (S473) (G) of PIK3CA mutant murine allograft tumors.
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Fig. 3. Double PIK3CA mutationsin cisactivate PI3K through a combination protein disrupter-
membrane binder mechanism.

(A) Domain schematic of p110a and p85a with minor and major mutation sites indicated.
ABD, adaptor binding domain; C2, protein kinase C homology—2 domain; GAP, GTPase
activating protein; SH3, Src homology 3; RBD, Ras binding domain. (B) Crystal structure of
P13K complex (Protein Data Bank ID 40VU) (39). Recurrent major and minor mutation
sites are shown as spheres and colored as in (A). (C) Thermal shift assays of recombinant
PI3K complexes. Western blot densitometry was performed, normalized to measurements of
the lowest temperature, and data were fit to Boltzmann sigmoidal curves, from which the
midpoint melting temperature (T,,) was determined. Data are mean £ SEM (n= 2
replicates). (D) In vitro radioactive lipid kinase assay of recombinant PI3K complexes
(representative radiograph from one experiment, 7= 3). (E) Liposome sedimentation assays
of cis and single p110a mutant recombinant PI3K complexes blotted for p110a with
quantifications for (F) anionic liposomes and 0.1% PIP,-containing liposomes. Data are
mean + SEM (n = 3 for each). PS, phosphatidylserine.
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Fig. 4. Double PIK3CA mutationsin cisconfer increased sensitivity to PI3Ka inhibition

compared with single PIK3CA mutationsin cells.
(A and B) Western blotting of PI3K effectors of PIK3CA mutant stably transduced MCF10A

cells, serum starved for 1 day and then exposed to dimethyl sulfoxide (=) and (A) alpelisib
(1 uM) (+) for 1 hour or (B) GDC-0077 (62.5 nM) (+) for 1 hour. The arrow indicates pAKT
(T308). (C and D) Dose-response survival curves for MCF10A cell lines treated with (C)
alpelisib or (D) GDC-0077 under serum starvation for 4 days. E545K-containing cis mutants
(top) and H1047R-containing cis mutants (bottom) are compared with single PIK3CA
mutants. Data are mean £ SEM (7= 3 replicates) and were fit to asymmetric, five-parameter
sigmoidal curves. ***£ < 0.001, **P< 0.01, *P< 0.05 by two-way analysis of variance
corrected for multiple comparisons by Tukey’s test compared with E545K (top) or H1047R
(bottom).
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Fig. 5. Multiple PIK3CA mutations detected by ctDNA confer increased sensitivity to taselisib

compared with single PIK3CA mutationsin patients.

(A) Schematic showing plasma sample acquisition from patients in the SANDPIPER clinical
trial (12) and analysis and sequencing of ctDNA specimens to determine PIK3CA
mutational status. FMI, Foundation Medicine, Inc.; QC, quality control. (B) Waterfall plot
denoting the range of tumor shrinkage [measured by percentage change of the sum of the
longest dimensions (SLD) of target lesions compared with baseline] for each individual
patient in SANDPIPER who received taselisib and fulvestrant by ctDNA single versus
multiple P/IK3CA mutation status. (C to E) ORRs (RECIST version 1.1) of placebo versus
taselisib arms from the SANDPIPER clinical trial of (C) ctDNA P/K3CA-mutant total
population (9.7% versus 20.3%; 95% CI 4.8 to 16.7% versus 15.5 to 25.9%; P = 0.0202),
(D) single ctDNA P/IK3CA-mutant subpopulation (10.0% versus 18.1%; 95% Cl 4.4 to
18.1% versus 13.0 to 24.2%; P=0.0981), and (E) multiple ctDNA P/K3CA-mutant
subpopulation [8.7% versus 30.2%; 95% CI 1.6 to 26.8% versus 18.4 to 44.9%; P = 0.0493).

Science. Author manuscript; available in PMC 2020 May 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Vasan et al.

Page 19

Data are number of patients who responded divided by the total number for a particular
subgroup and 95% CI (by the Blyth-Still-Casella method). The CI for the difference in
ORRs between the two treatment arms was determined by using the normal approximation
to the binomial distribution. Response rates in the treatment arms were compared (P value)
by using the stratified Cochran-Mantel-Haenszel test. *£ < 0.05. n, number of patients.
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