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PIK3CA mutations in head and neck squamous
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Alpelisib selectively inhibits the p1100. catalytic subunit of PI3Ka and is approved for treatment of breast cancers harboring
canonical PIK3CA mutations. In head and neck squamous cell carcinoma (HNSCC), 63% of PIK3CA mutations occur at
canonical hotspots. The oncogenic role of the remaining 37% of PIK3CA noncanonical mutations is incompletely understood.
We report a patient with HNSCC with a noncanonical PIK3CA mutation (Q75E) who exhibited a durable (12 months) response
to alpelisib in a phase Il clinical trial. Characterization of all 32 noncanonical PIK3CA mutations found in HNSCC using several
functional and phenotypic assays revealed that the majority (69%) were activating, including Q75E. The oncogenic impact

of these mutations was validated in 4 cellular models, demonstrating that their activity was lineage independent. Further,
alpelisib exhibited antitumor effects in a xenograft derived from a patient with HNSCC containing an activating noncanonical
PIK3CA mutation. Structural analyses revealed plausible mechanisms for the functional phenotypes of the majority of the
noncanonical PIK3CA mutations. Collectively, these findings highlight the importance of characterizing the function of
noncanonical PIK3CA mutations and suggest that patients with HNSCC whose tumors harbor activating noncanonical PIK3CA

Introduction

Head and neck squamous cell carcinomas (HNSCCs) are gen-
erally characterized by a high mutational load and frequent
copy number alterations (1). PIK3CA is the most common-
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mutations may benefit from treatment with PI3Ka inhibitors.

ly mutated oncogene in HNSCC, with mutations detected in
13.7% of cases in The Cancer Genome Atlas (TCGA, Firehose
Legacy). PIK3CA encodes p110a, the catalytic subunit of class
1A PI3K. When aberrantly activated, PI3K stimulates multiple
downstream pathways, leading to unregulated cellular prolif-
eration, survival, and migration, thereby contributing to can-
cer progression (2).

Of the 97 tumors with PIK3CA mutations reported in TCGA
for HNSCC tumors, 63% occur at 1 of 3 “hotspot” locations in
the p110a subunit, E542, E545, and H1047, collectively referred
to as canonical mutations. E542 and E545 are located in the
helical domain and H1047 resides in the kinase domain (3, 4).
Activation of p110a by these canonical mutations induces sig-
naling through the PI3K/AKT/mTOR pathway (5). The remain-
ing 37% of HNSCC-associated PIK3CA mutations are distribut-
ed throughout the p110a subunit and are collectively known as
noncanonical mutations (4). Although canonical mutations are
known to activate PI3K pathway signaling, the biological and
biochemical impact of the 32 noncanonical mutations detect-
ed in HNSCC are incompletely understood. Of note, 10 of the
32 noncanonical mutations are unique to HNSCC and have not
been identified in other cancers.
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Figure 1. Clinical response to alpelisib in a patient with HNSCC harboring the noncanonical PIK3CA mutation Q75E. (A) Clinical history of the alpelis-
ib-treated patient with HNSCC. (B) Head and neck MRI showing the lesions (red arrows) in oral cavity. The representative images were obtained prior

to treatment (left) and 2 months later (right). (C) Chest CT images were captured prior to treatment (left) and 2 months later (right). The well-defined
pulmonary metastatic nodules (red arrows) were found diminished in diameter from 11 to 7 mm. The patient exhibited a partial response with 73% tumor

shrinkage, based on RECIST criteria.

Several studies have characterized the functional conse-
quences of noncanonical PIK3CA mutations by various plat-
forms, including a subset of the 32 mutations found in HNSCC.
Ten of 11 noncanonical PIK3CA mutations identified in various
human cancers were found to induce transformation in pri-
mary chicken embryo fibroblasts, 4 of which occur in HNSCC
(K111N, N345K, C420R, and M1043V; ref. 3). Five colorectal
cancer-associated noncanonical PIK3CA mutations, 1 of which
is also found in HNSCC (C420R), showed increased in vitro
lipid kinase activity relative to WT p110a and promoted loss
of contact inhibition and anchorage-independent growth in
NIH3TS3 cells (6). We previously assessed the functional impact
of 21 HNSCC-associated noncanonical PIK3CA mutations in a
murine pro-B cell line (Ba/F3) and a human breast epithelial
cell line (MCF10A; refs. 4, 5). Using a growth factor/cytokine
withdrawal assay, 19 of the 21 mutants showed a gain of func-
tion in either Ba/F3 or MCF10A or both.

Clinical trials have tested the possibility that tumors harbor-
ing canonical PIK3CA mutations are sensitive to PI3Ka-targeted
agents. A recent phase III trial found that alpelisib (BYL719), a
selective p110a inhibitor, in combination with fulvestrant, a hor-
mone receptor antagonist, prolonged progression-free survival
among patients with hormone receptor-positive/human epider-
mal growth factor receptor 2-negative (HER2-negative) breast
cancer. Clinical benefit was found in patients whose tumors con-
tained canonical PIK3CA mutations, or 1 of 3 frequently occur-
ring noncanonical mutations (C420R, Q546E, and Q546K; ref.
7) that exhibited oncogenic activity in preclinical models (8).
These results led to FDA approval of alpelisib in 2019. PI3Ka-tar-
geted inhibitors are under clinical investigation in HNSCC as

monotherapy or combinational therapy. Most ongoing trials are
enrolling unselected patient populations, but one phase II trial
requires genetic alterations in the PI3K pathway for enrollment
(ClinicalTrials.gov NCT03292250), and a preoperative window
study is selecting patients with HPV-positive HNSCC, a natu-
rally biomarker-enriched population where genomic activation
of PI3K due to mutation or amplification has been reported in
approximately half the patients with HNSCC who are HPV posi-
tive (ClinicalTrials.gov NCT03601507; ref. 1).

Here, we report the remarkable response of a patient with
recurrent and metastatic HNSCC to alpelisib. This patient’s
tumor contained a noncanonical PIK3CA mutation, Q75E,
which has not been previously evaluated in any preclinical
model, to our knowledge. We profiled the functional and phe-
notypic impact of all 32 noncanonical PIK3CA mutations found
in human HNSCC, including Q75E, using a serum-dependent
HNSCC model, which we previously reported as an approach to
identify oncogenic “driver” mutations (9). We determined that
the activating or nonactivating properties of individual PIK3CA
mutations were independent of cell lineage by assessing each
mutation in multiple cell line models. The oncogenic properties
of each mutation were also assessed using colony formation and
cell migration assays. To further determine the translational
significance of our findings, we tested the antitumor efficacy
of alpelisib in relevant HNSCC preclinical models, including
a patient-derived xenograft (PDX) harboring a representative
activating noncanonical PIK3CA mutation. Our collective find-
ings suggest that the majority of noncanonical PIK3CA muta-
tions encode oncogenic activated proteins, which may serve as
predictive biomarkers to PI3Ka-targeted therapies.
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Results

Clinical response to alpelisib of a patient with HNSCC harboring the
noncanonical PIK3CA mutation Q75E. FDA approval of alpelis-
ib in breast cancer is restricted to patients whose tumors harbor
specified activating PIK3CA mutations. In recurrent or metastatic
HNSCG, alpelisib is currently being evaluated in one arm of the
Translational biomarker driven UMbrella Project (TRIUMPH,
ClinicalTrials.gov NCT03292250). This phase II umbrella trial
assigns subjects to 1 of 5 molecularly defined therapeutic regi-
mens based on the results of comprehensive genomic profiling of
the tumor (10, 11). A 55-year-old man with a history of smoking 40
packs ayear presented with aright hard palate mass in 2017, which,
upon biopsy, was revealed to be an HPV-negative (p16 negative)
squamous cell carcinoma. Although the patient responded to an
initial treatment of definitive concurrent chemoradiation therapy
(CRT) with cisplatin, he experienced a local recurrence 6 months
after completing CRT and lung metastasis shortly thereafter. His
recurrent/metastatic HNSCC was first treated with 5-fluorouracil
(5-FU) (1200 mg/m? from day 1 to day 4) and cisplatin (80 mg/
m? every 3 weeks), but he progressed after 2 cycles. Next-genera-
tion sequencing of his recurrent tumor for 244 genes known to be
somatically altered in HNSCC revealed a noncanonical PIK3CA
mutation, Q75E, which had not been previously reported or char-
acterized in any cellular platform, to our knowledge (Figure 1A
and Supplemental Table 1; supplemental material available online
with this article; https://doi.org/10.1172/JCI150335DS1). In addi-
tion to this PIK3CA mutation, 3 single nucleotide variants (SNVs)
were also detected (FBXW7, TGFBR2, and ATR). Notably, muta-
tions in NOTCHI, which could affect the response to alpelisib (12,
13), were not detected. The patient was enrolled in the TRIUMPH
trial and assigned to receive alpelisib monotherapy (350 mg once
daily) based on detection of the PIK3CA mutation in his tumor. He
experienced a partial response with 73% tumor shrinkage based
on Response Evaluation Criteria in Solid Tumors (RECIST) crite-
ria after 2 months on treatment (Figure 1, B and C). The patient
was treated for a total of 12 months with single-agent alpelisib
until his disease progressed, and he was switched to durvalumab,
an anti-PD-L1 antibody that is approved by the FDA for certain
types of bladder cancer and lung cancer (14, 15). He is currently
alive with stable disease on durvalumab, approximately 2 years
after completing alpelisib monotherapy.

The Q75E PIK3CA mutation exhibits an activating phenotype in an
HNSCC platform. Given the potent clinical utility of alpelisib in this
patient with HNSCC harboring a previously uncharacterized nonca-
nonical PIK3CA mutation, we evaluated the activity of this mutant
using an HNSCC platform that we previously developed to assess
the ability of mutant proteins to sustain cell growth in low serum
(Supplemental Table 2 and ref. 9). We engineered this HPV-negative
HNSCC cell line platform (PCI-52 serum-dependent cells; hereafter
PCI-52-SD1) for doxycycline-inducible exogenous overexpression
of FLAG-tagged WT PIK3CA, a canonical PIK3CA mutant (E545K),
the Q75E noncanonical PIK3CA mutant, or the negative control
LUC. Immunoblotting with anti-FLAG was performed to con-
firm expression of the WT or mutant (MT) proteins (Figure 2A; see
complete unedited blots in the supplemental material), and FLAG-
expressing cells were cultured in normal FBS (10%) or low FBS (1%~
2%) to assess serum-dependent cell growth (Figure 2B).
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Comparison of results from HNSCC cells engineered to over-
express WT PIK3CA with the LUC control was used to assess the
impact of PIK3CA gene amplification. Overexpression of WT PIK-
3CA led to a 1.59-fold increase in cell growth (Figure 2B) compared
with LUC control cells. This finding supports an oncogenic role of
PIK3CA gene amplification in patients with HNSCC tumors, as pre-
viously reported (16). Comparison of HNSCC cells overexpressing
MT with WT PIK3CA was then used to determine the functional
impact of PIK3CA mutations on serum-dependent cell growth.
Because the exogenous MT and WT proteins were expressed at
similar levels (Figure 2A), comparison of MT and WT engineered
cells removed overexpression (amplification) as a confounding
variable and allowed for direct assessment of the impact of specific
mutations. Under low serum conditions, cells expressing the E545K
canonical mutant demonstrated a 1.34-fold increase in cell growth
relative to cells expressing WT (Figure 2B), similar to what was
previously reported in Ba/F3 and MCF10A models (3). The Q75E
mutant exhibited a 1.30-fold increase in cell growth in comparison
with WT, comparable to the E545K canonical PIK3CA mutation.

Canonical PIK3CA mutations have been reported to activate
the PI3K signaling pathway (5). Biochemical investigation of the
PI3K/AKT signaling pathway showed that PCI-52-SD1 HNSCC
cells overexpressing WT PIK3CA exhibited a 5.20-fold increase in
the relative ratio of phospho-AKT (pAKT)/(total AKT) compared
with LUC control cells, verifying that PIK3CA overexpression
stimulated the PI3K signaling cascade (Figure 2A). Cells overex-
pressing the E545K canonical mutant showed a 2.73-fold increase,
and cells expressing the Q75E noncanonical mutant showed a
2.34-fold increase in relative pAKT/(total AKT) level when com-
pared with cells engineered to overexpress WT PIK3CA (Figure
2A), confirming that the Q75E mutant drives activation of the
PI3K signaling pathway more strongly than WT PIK3CA.

We next assessed the impact of WT or MT PIK3CA on colony for-
mation in the PCI-52-SD1 HNSCC cell line model. Doxycycline-in-
duced overexpression of WT PIK3CA led to a 1.59-fold increase in
colony formation relative to untreated cells, whereas induction of
the E545K canonical mutant promoted a 4.52-fold increase in col-
ony formation, confirming the oncogenic phenotype of this known
canonical mutation (Figure 2C). The Q75E mutant promoted a
3.30-fold increase in colony formation, similar to E545K (Figure
2C). We also evaluated the ability of WT or MT PIK3CA to promote
cell migration using Boyden chamber assays. Treatment with dox-
yeycline resulted in only a negligible increase in migration of cells
engineered to overexpress WT PIK3CA, whereas induction of the
E545K and Q75E mutants led to 3.30-fold and 3.15-fold increases in
migration, respectively (Figure 2D). To ensure that the impact on cell
migration was independent of the effect of the activating mutants on
proliferation, we repeated the experiment at an earlier time point (24
hours) to minimize the potential impact of the activating mutation
on proliferation (Supplemental Figure 1, A and B). These collective
findings indicate the noncanonical Q75E PIK3CA mutation detected
inthe HNSCC tumor of the patient with a clinical response to alpelis-
ib has the properties of a “driver” oncogene.

Functional characterization of all 32 noncanonical PIK3CA
mutations in the HNSCC serum-dependent model. We identified
97 tumors with somatic PIK3CA mutations from the set of 530
HNSCC tumors in TCGA (Table 1). Canonical mutations (E542K,
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Figure 2. The Q75E PIK3CA mutation exhibits an activating phenotype in an HNSCC platform. (A) Generation of isogenic models in PCI-52-5D1 cells. Immu-
noblot analysis of the indicated proteins using extracts from cells expressing LUC, WT PIK3CA, canonical E545K mutant, or noncanonical Q75E mutant, follow-
ing growth in the presence or absence of doxycycline (Dox, 1 ug/mL) for 24 hours. GAPDH, loading control. The fold-changes of the ratio of pAKT/(total AKT)
were quantified by densitometry 3 times independently and normalized to no Dox treatment (n = 3). Data are shown as mean + SD. (B) Serum-dependence
assays. Cells were cultured for 72 hours in medium containing Dox with either normal FBS (10%) or low FBS (1%-2%) followed by crystal violet staining. The cell
growth rate in low FBS was normalized to the individual control of normal FBS (n = 6). Data are shown as the mean + SD. The experiment was repeated 3 times
with similar results. (C) Colony formation assays. Cells were cultured in the absence or presence of Dox for 3 weeks followed by crystal violet staining. Colonies
were quantified using Image) and the relative colony counts were normalized to no Dox treatment (n = 3). Data are shown as the mean + SD. (D) Cell migration
assays. Cells were applied to Boyden chambers and incubated for 48 hours in the absence or presence of Dox followed by crystal violet staining. Images were
taken from the bottom side of transmembrane chambers. Scale bar: 100 um. The migrated cells were quantified using Image) and the relative cell migration
level was normalized to no Dox treatment (n = 3). Data are shown as the mean + SD. The experiments in C and D were repeated twice with similar results. In all
bar graphs, *P < 0.05, **P < 0.01, ***P < 0.001, NS 2 0.05 for 1-tailed Student’s pairwise t test.
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Table 1. The PIK3CA mutational landscape in HNSCC

Amino acid change ~ Frequency (cases)  Domain
Canonical (63%) E545K 27 Helical
E542K 19 Helical
H1047R/L/Q 15 Kinase
Noncanonical (37%) Q546R (2), C604R, 5 Helical
R519G, Y606C
(901F, C905S, C971R, 10 Kinase
E970K, G1007R,
M10401, M1043V (2),
N1068Kfs*5, R975S
E81K, P104L, Q75E, 6 p85 binding
R88Q (2), V71l
C420R, E365V, E418K, 6 Q
E453K, G363A, G45TR
E110del, E726K (2), 9 Linker
K111E, K111N, N345K,
R335G, V344G, W328S
37 mutations 97 cases

The table shows the specific amino acid changes in the p110a protein.
The R880Q, Q546R, E726K, and M1043V mutants were present in 2 patient
cases each. Data from TCGA (n = 530) were analyzed in cBioPortal (66, 67).

E545K, H1047R/L/Q) comprised 63% (61/97) of the PIK3CA
mutations in this HNSCC cohort. The remaining 37% consisted
of 32 distinct noncanonical mutations. Most noncanonical PIK-
3CA mutations were found in a single tumor (28/32, 87.5%), and
4 noncanonical PIK3CA mutations (E81K, E726K, Q546R, and
M1043V) were detected in 2 cases each.

We next characterized the functional properties of each non-
canonical PIK3CA mutation in our HNSCC serum-dependent
platform to determine which, like Q75E, conferred a gain of func-
tion. Exogenous expression of each mutant protein in PCI-52-SD1
cells was confirmed by immunoblotting with anti-FLAG (Figure
3A; see complete unedited blots in the supplemental material),
and cells were incubated in medium containing doxycycline with
either normal FBS (10%) or low FBS (1%-2%) to assess serum-de-
pendent cell growth. We observed that 22 of the 32 noncanonical
mutants promoted enhanced cell growth in low serum ranging
from 1.1-fold to 1.4-fold change relative to the WT PIK3CA (Fig-
ure 3B). The remaining 10 mutants promoted cell growth in low
serum to an equal or lesser degree than WT PIK3CA (Figure 3B).
Mutants were classified as activating if they exhibited significantly
enhanced cell growth in low serum compared with WT PIK3CA,;
otherwise, they were annotated as nonactivating.

The activation status of 21 of the 32 noncanonical, HNSCC-as-
sociated mutants was previously tested in cytokine/growth factor-
dependent Ba/F3 and MCF10A cell line models (4, 5). Thus, we
evaluated whether the functional impact of noncanonical mutations
in our HNSCC model was concordant with the findings in these 2
models by completing assessment of the 11 previously uncharacter-
ized noncanonical PIK3CA mutations in Ba/F3 and MCF10A cells
as well as our HNSCC platform (Supplemental Table 3). All 22 of
the activating noncanonical mutants we identified as activating in
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HNSCC cells (Figure 3B) were also activating in the MCF10A model,
and 20 were activating in the Ba/F3 model (Figure 3C). The C971R
and E365V PIK3CA mutants were activating in both the HNSCC and
MCF10A models but nonactivating in Ba/F3 cells.

HNSCC can arise from infection with HPV or from tobacco car-
cinogen exposure (HPV-negative HNSCC). Our primary HNSCC
functional genomics platform was derived from an HPV-negative
cell line. We tested the functional properties of a subset (1 = 16) of
noncanonical mutants, including the 4 HNSCC-associated, non-
canonical PIK3CA mutations (E81K, M1043V, R88Q, and Q546R)
recorded by the TCGA in HPV-positive patients, using the cervical
cancer-derived HPV-positive cell line HeLa in a different function-
al platform. In this platform, we measured fluorescently tagged
FOXOL1 that shuttles from the nucleus to the cytoplasm upon acti-
vation of the PI3K/AKT pathway (17). Although this model only
screened 16 of the noncanonical PIK3CA mutations, we found a
high concordance of the functional properties of 15 out of 16 nonca-
nonical mutants tested in this platform with the results obtained in
the other 3 models (HPV-negative HNSCC, Ba/F3, and MCF10A)
(Figure 3C and Supplemental Figure 2A). Taken together, our
results suggest that the activating properties of noncanonical PIK-
3CA mutations are generally cell lineage independent (Supplemen-
tal Figure 2B). Thus, these findings may have broad implications for
any cancer harboring an activating noncanonical PIK3CA mutation,
including HPV-negative and HPV-positive cancers.

Colony formation and migratory phenotypes of activating and
nonactivating PIK3CA noncanonical mutations. We next assessed
the oncogenic properties of all 32 noncanonical PIK3CA mutations
on cell transformation by assessing colony formation in standard
serum condition (10% FBS). In total, 23 of the 32 noncanonical
mutants increased colony formation compared with the WT control
(Figure 4A and Supplemental Figure 3A). Of the 22 mutations that
were classified as activating by our serum-dependent assay, 21 also
demonstrated an activating phenotype in colony formation assay,
showing that the results of the serum-dependent assay and the col-
ony formation assay were highly concordant (Kendall’s correlation
coefficient [t] = 0.78 [95% CI = 0.54, 1], P < 0.0001; Table 2).

Several studies have reported a role for the canonical PIK-
3CA mutations in promoting epithelial-mesenchymal transition
(EMT) and cell invasion, an obligate step during tumor metas-
tasis, through activation of the PI3K pathway (18, 19). Thus,
we next evaluated the ability of the 32 noncanonical HNSCC
mutants to promote cell migration using Boyden chamber
assays. All 22 noncanonical mutants identified as activating in
the serum-dependent assay demonstrated increased cell migra-
tion compared with controls (Figure 4B and Supplemental Figure
2B). Similarly, 8/10 noncanonical mutants identified as nonacti-
vating in the serum-dependent assay promoted cell migration at
levels comparable to that promoted by WT PIK3CA (Figure 4B
and Supplemental Figure 3B). Results from 30 of the 32 nonca-
nonical mutants concurred with results from the serum-depen-
dent assay (Table 3). All the mutations classified as activating
by the serum-dependent assay also increased cell migration (t =
0.86 [95% CI = 0.68, 1], P < 0.0001) (Table 3). The significant
alignment between the serum-dependent assay and the other
2 phenotypic assays reflects the broad oncogenic properties of
activating noncanonical PIK3CA mutations (Figure 4C).
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Figure 3. Functional characterization of all 32 noncanonical PIK3CA mutations in the HNSCC serum-dependent model. (A) Generation of isogenic PCI-
52-5D1 cells expressing the 32 noncanonical PIK3CA mutations. Immunoblotting with anti-FLAG was used to confirm expression of LUC, WT p110a, or the
indicated p110a. mutants following growth in the presence of Dox (1 ug/mL) for 24 hours; B-actin, loading control. (B) Serum-dependency assays. Cells were
cultured for 72 hours in medium containing Dox (1 ug/mL) with either normal FBS (10%) or low FBS (1%-2%) followed by crystal violet assays. Shown is the
growth of cells cultured in the medium containing low FBS relative to the individual control of normal FBS (n = 6) followed by normalization to WT PIK3CA
control. The dashed line represents the significance limit set as the value equal to WT PIK3CA. Mutants were classified as activating if they exhibited sta-
tistically enhanced cell growth in low serum compared with WT PIK3CA. Data are represented as box and whiskers. The whiskers go down to the minimum
and up to the maximum value and plot each individual value as a point superimposed on the graph. The box extends from the 25th to 75th percentiles.
The lines within the boxes represent the median value. *P < 0.05, **P < 0.01, ***P < 0.001, NS > 0.05 for 1-tailed Student’s pairwise t test. The experiment
was repeated 3 times with similar results. (C) Heatmap indicating the concordance of functionality conferred by HNSCC-associated noncanonical muta-
tions tested in different cell line models. The mutations were assigned as “activating” if they exhibited an activity significantly higher than WT; otherwise,
the mutations were annotated as “nonactivating.”

To investigate the biochemical impact of the noncanonical
PIK3CA mutations, we evaluated activation of PI3K/AKT path-
way after doxycycline induction of all 32 noncanonical mutants
(Supplemental Figure 3C). Most mutants showing an activating
phenotype in the serum-dependent assay also increased levels
of pAKT relative to WT PIK3CA (t = 0.63 [95% CI = 0.44, 0.83],
P <0.0001) (Supplemental Figure 3D). These findings suggest
that activating noncanonical p110a mutants stimulate signaling
through the PI3K pathway.

;

In summary, our systematic functional/phenotypic and bio-
chemical profiling across a variety of cellular platforms distin-
guished activating from nonactivating noncanonical PIK3CA
mutations (Supplemental Figure 3E).

Response to alpelisib in HNSCC preclinical models expressing
noncanonical PIK3CA mutations. We and others have reported
that tumors harboring canonical PIK3CA mutations are more
sensitive to PI3K pathway inhibition in preclinical models (20-
22). Such observations led to the design of “basket” clinical tri-

J Clin Invest. 2021;131(22):e150335 https://doi.org/10.1172/)C1150335


https://www.jci.org
https://doi.org/10.1172/JCI150335
https://www.jci.org/articles/view/150335#sd
https://www.jci.org/articles/view/150335#sd
https://www.jci.org/articles/view/150335#sd

The Journal of Clinical Investigation

RESEARCH ARTICLE

A Colony formation Activating in serum-dependent assay
2 « 37 Nonactivating in serum-dependent assay
$ 3
EO
L ¢
]
£ 3
o =
ey
5 2
=
5 3
- 2
o
w
AT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T1
NN S FLNFLECLERLRNLE KGO O DO QL QO N
& F &S F S & PP T (g S N8 & PP P E BSOS
o) Qb o0 > W ST SIRASIRN M AN o8 O AP AP PN Y LN AR 0P W L0
e'\gb S Qﬂb&%@cﬁ’@@\'\ FHFFEFIS P IFT EE CFLITES L& FFS
B - Cell migration Activating in serum-dependent assay
@ Nonactivating in serum-dependent assay
g &
EO
L2 ¢
° ©
£ 3
o =
S 2
o 2
- ®
o
w
Cc S0 e o L O T DAt L O R PRI
ORI S RN g N S R AP SR RIS SR RN AU S N NI S S IR
o FEY PP IV QC T PTII LTI ECIL ISP

Serum dependency

Colony formation

Cell migration

. Activating
. Nonactivating

Figure 4. Colony formation and migratory phenotypes of activating and nonactivating noncanonical PIK3CA mutations. (A) Cumulative results of colony
formation assays of noncanonical PIK3CA mutations. The colonies were quantified using Image), and the relative geometric means of colony counts in the
presence of Dox were normalized to no Dox treatment (n = 3). Data were analyzed on a log-transformed scale and a 2-way ANOVA was performed to com-
pute the fold-change conferred by an individual PIK3CA mutation (Dox versus no Dox). The dashed line represents the limit set by the upper 95% Cl of the
fold-changes for WT PIK3CA. The experiment was repeated twice with similar results. (B) Cumulative from the cell migration assays. Cell migration was
quantified as described in A (n = 3). Mutants were classified as activating or nonactivating as in A. The dashed line represents the significance limit set at

the upper 95% Cl of the fold-changes for WT PIK3CA. The experiment was repeated twice with similar results. (C) The alignment between the serum-de-

pendent assay and 2 phenotypic assays in HNSCC model.

als and FDA approval of alpelisib in breast cancer (7). We previ-
ously determined that HNSCC PDXs exhibit greater similarity
than cell line-derived xenografts to primary HNSCC tumors
(23, 24). We also reported that a PDX derived from a patient
with HNSCC with a canonical PIK3CA mutation (E542K) was
sensitive to PI3K inhibitor therapy (20). To determine whether
activating noncanonical PIK3CA mutations might serve as pre-
dictive biomarkers for treatment with PI3Ka inhibitors, mice
bearing HNSCC PDX tumors harboring either WT PIK3CA or
a representative, activating noncanonical PIK3CA mutation
(M1043V) were treated with vehicle or alpelisib (Supplemental
Table 4). In vehicle-treated mice, the pAKT/(total AKT) ratio
was significantly higher in the mutant PDX compared with the
WT PDX, indicating baseline in vivo activation of PI3K signal-
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ing by the M1043V noncanonical mutant protein (Supplemen-
tal Figure 4A; see complete unedited blots in the supplemental
material). We selected the dosage of 25 mg/kg for the in vivo
studies based on the published pharmacokinetic and pharmaco-
dynamics properties of alpelisib in a PIK3CA-dependent mouse
model (22). Alpelisib treatment resulted in modest, albeit sta-
tistically significant, inhibition of tumor growth in the M1043V
PDX model (Figure 5A). Moreover, immunoblotting revealed
significant downregulation of pAKT levels in the alpelisib-treat-
ed M1043V mutant tumors (Figure 5B; see complete unedited
blots in the supplemental material). By contrast, tumor growth
in the WT PDX model was not significantly affected by alpelisib
treatment when compared with vehicle-treated controls (Figure
5C). Alpelisib treatment modestly decreased pAKT levels in WT
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Table 2. The correlation analysis between data from colony
formation assays and data from serum-dependence assays

Serum dependency,  Serum dependency,
activating nonactivating
Colony formation, activating 2 2
Colony formation, nonactivating 1 8

1 =0.78 (95% Cl = 0.54,1.00) (P = < 0.0001).

PDX tumors, but to a lesser degree compared with the M1043V
mutant PDX tumors (Figure 5D; see complete unedited blots in
the supplemental material).

We also evaluated alpelisib sensitivity in an additional panel
of representative activating or nonactivating noncanonical PIK-
3CA mutations using our engineered cell line models. Alpelisib
demonstrated a dose-dependent abrogation of pAKT expression
(Supplemental Figure 4B; see complete unedited blots in the sup-
plemental material). Alpelisib treatment of HNSCC cells engi-
neered to express the patient case-derived, activating noncanoni-
cal Q75E mutant or the activating noncanonical mutants M1043V
or N345K resulted in modest induction of apoptosis (Supplemen-
tal Figure 4C) and dose-dependent inhibition of colony formation
(Figure 5E). In contrast, colony formation in cells expressing the
representative nonactivating PIK3CA mutant E81K were not sig-
nificantly inhibited by alpelisib. Nonactivating PIK3CA mutants
W328S and Y606C responded to alpelisib but to a lesser degree
compared with activating noncanonical mutants (Figure 5E).
These collective findings demonstrated antitumor activity of the
FDA-approved PI3Ka inhibitor alpelisib in HNSCC in in vivo and
in vitro models harboring activating noncanonical PIK3CA muta-
tions. In contrast, this agent was ineffective in tumors containing
WT PIK3CA or nonactivating noncanonical mutations, highlight-
ing the implications for precision medicine.

Structural analysis of activating and nonactivating noncanon-
ical PIK3CA mutations. To understand whether the functional
properties of different mutations could be predicted by the exist-
ing structures of PIK3CA, we mapped all 32 HNSCC-associated
noncanonical mutations onto autoinhibited structures of the WT
PI3Ko heterodimer that represent a spectrum of inactive confor-
mational states captured collectively in crystal structures. This
group includes 2 apo structures (Protein Data Bank [PDB] ID:
40VU, 4L1B), 1 lipid substrate-bound (PDB ID: 40VV), and 3
inhibitor-bound (PDB ID: 4123, 4L.2Y, 5XGI) structures. PI3Ka is
an obligate heterodimer comprised of a p85-type regulatory sub-
unit and the p110a catalytic subunit encoded by the PIK3R1-3 and
PIK3CA genes, respectively. p110a contains 5 domains, includ-
ing an adaptor binding domain (ABD), a Ras-binding domain
(RBD), a C2 domain, a helical domain (HD), and the catalytic
kinase domain (Figure 6A and ref. 25). The lipid kinase activity
of PI3Ka is tightly controlled by the inter-SH2 (iSH2) and N-ter-
minal SH2 (nSH2) domains of its regulatory subunit (Figure 6A
and refs. 25-27). In the autoinhibited enzyme, the nSH2 domain
forms additional interactions with p110a not present in the active
conformation, while the iSH2 domain is more withdrawn from the
membrane interface (28). Furthermore, polar and hydrophobic
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interactions between the activation loop of p110a and the nSH2/
iSH2 domains of p85 are predicted to maintain the activation loop
in an inactive conformation (28). This inhibition is released when
PI3Ko binds to phosphorylated YxxM motifs on other proteins via
its nSH2 domain, dislodging these inhibitory contacts, leading to
global conformational changes that activate the kinase domain
(25-27, 29). These conformational changes include movement of
the ABD relative to the catalytic subunit, exposure of the iSH2/C2
interface, and exposure of the nSH2/HD interface, all of which
happen in concert with binding of PI3Ka to membranes (30). Acti-
vating disease mutations in PI3Ka have been shown to facilitate at
least one of these conformational changes or enhance interaction
with membrane lipids (30-34).

We mapped activating and nonactivating mutations to 4 of
the 5 PIK3CA domains, including linkers between the ABD/RBD
(linker 1), RBD/C2 (linker 2), and C2/HD (linker 3) and excluding
the RBD itself (Figure 6A). Our initial analysis focused on muta-
tions located outside of the kinase domain, which are distant from
the lipid binding interface and the catalytic pocket. Activating
non-kinase domain mutations largely clustered at the 3 interfac-
es previously shown to be compromised by mutations: ABD and
linker 1/KD; iSH2 and C2; and nSH2 and HD (Figure 6, B and
C). Mutations in the first cluster broke electrostatic interactions
between the ABD and kinase domain (R88Q) or between the ABD
and linker 1 (K111E/N) and disrupted hydrogen bonding between
linkers 1 and 2 (E110del), destabilizing the ABD (Figure 6D and
Supplemental Table 5). The patient with HNSCC-associated
mutation Q75E falls within this cluster and forms only one direct
polar contact with the backbone carbonyl of glycine 8, the first
resolved N-terminal residue in p1100 (PDB ID: 41.23, 41.2Y, 4L1B,
5XGI, 40VU; Figure 6D and Supplemental Table 5). The preced-
ing 7 N-terminal residues of the ABD are disordered in most of the
PI3Ko crystal structures and it is possible that the loss of glutamine
atposition 75 further increases dynamics in this region by releasing
glycine 8. The adjacent loop of the ABD, which interfaces with the
kinase domain, may be a direct sensor of these dynamics, leading
to increased kinase activity in the Q75E mutant. Interestingly, in
40VV, Q75 is within hydrogen bonding distance of S7, which lies in
aloop that forms a noncanonical second lipid binding site in PI3Ka
(Figure 6E and Supplemental Table 5). This site has been hypoth-
esized to anchor PI3K to the membrane, and increased dynamics
in this region may further facilitate membrane binding, increas-
ing kinase activity (28). Mutations in the second cluster elimi-
nated electrostatic interactions (E418K, E453K), disrupted polar
contacts and introduced charge repulsion (N345K, G451R), and
destabilized a vast hydrophobic network within the C2 domain

Table 3. The correlation analysis between data from cell
migration assays and data from serum-dependence assays

Serum dependency,  Serum dependency,
activating nonactivating
Cell migration, activating 22 2
Cell migration, nonactivating 0 8

7=0.86(95% Cl = 0.68, 1.00) (P = < 0.0001).
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Figure 5. Response to alpelisib in HNSCC preclinical models expressing noncanonical PIK3CA mutations. (A) Tumor growth curve of an HNSCC PDX
(HN6851) harboring the noncanonical M1043V PIK3CA mutation. Mice were dosed with alpelisib (25 mg/kg, p.o.) daily for 21 days (n = 12 tumors per group).
Data are shown as the mean + SEM. For statistical assessment of tumor growth, the tumor volumes were compared between vehicle- and alpelisib-treated
groups at multiple time points. *P < 0.05, **P < 0.01, ***P < 0.001 for 1-tailed Student’s pairwise t test. (B) Immunoblot analysis of AKT activation in the
HN6851 PDX tumors. Tumor samples were collected 3 hours after the last dosing. AKT activation was detected by phosphorylation of S473; B-actin, loading
control. The fold-change in the ratio of pAKT/(total AKT) expression in vehicle- and alpelisib-treated tumors was quantified by densitometry and normalized
to the mean value in vehicle-treated tumors. ***P < 0.001 for 1-tailed Student’s pairwise t test. (C) Tumor growth curve of an HNSCC PDX (HN6431) with WT
PIK3CA. Mice were dosed with alpelisib (25 mg/kg, p.o.) daily for 21 days (n = 12 tumors per group). Data were presented as indicated in A. (D) Immunoblot
analysis of AKT activation in the HN6431 PDX tumors. Tumor samples were collected and analyzed as indicated in B. *P < 0.05 for 1-tailed Student’s pairwise
t test. (E). Alpelisib sensitivity in colony formation assay. Isogenic PCI-52-SD1 expressing the indicated proteins were treated with vehicle (DMSO) or alpelisib
(1,3, 10 uM) for 3 weeks followed by crystal violet staining. The colonies were quantified using Image) (n = 3). Data are shown as the mean + SD. *P < 0.05,
**P < 0.01, ***P < 0.001, NS > 0.05 for 1-tailed Student’s pairwise t test. The experiment was repeated twice with similar results.

(V344G) at the interface of iSH2 and C2 domains (Figure 6F and  be a link between the ABD/linker 1 region and the iSH2/C2 inter-
Supplemental Table 5). Cluster 2 mutations weaken inhibitory  face as both G106V, located at the C-terminus of the ABD, and
contacts between p85a and p110a and may additionally position =~ N345K, sandwiched between iSH2/C2 domains, simultaneously
the iSH2 domain closer to the membrane to facilitate membrane  induce movement of ABD/linker 1 and disrupt the iSH2/C2 inter-
binding, thereby activating PI3Ko. Interestingly, there seems to  face (30). Only one mutation mapped to the nSH2/HD interface,
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Figure 6. Structural analysis of activating and nonactivating noncanonical
PIK3CA mutations. (A) Domain architecture of p85a and p110a with PIK3CA
mutations mapped (activating mutations in red; nonactivating muta-

tions in blue). (B) Activating non-kinase domain mutations, shown as red
spheres, mapped onto an autoinhibited structure of PI3Ka (PDB ID: 4123).
(€) Schematic of PI3Ka domains with activating non-kinase domain muta-
tions. (D-G) Representative activating mutations from mutation clusters.
(H) Nonactivating non-kinase domain mutations, shown as blue spheres,
mapped onto PDB ID: 4123. (1) Schematic of PI3Ko domains with nonactivat-
ing non-kinase domain mutations. (J and K) Representative nonactivating
mutations from mutation clusters. (L) Activating and nonactivating kinase
domain mutations, shown as red and blue spheres, respectively, mapped
onto PDB ID: 4123, relative to the predicted membrane binding interface
(red dashed line represents extension of the C-terminus as a function of
N1068fs mutation). (M) Schematic of the kinase domain with activating
and nonactivating kinase domain mutations. (N-Q) Representative activat-
ing and nonactivating kinase domain mutations from mutation clusters.

Q546R (Figure 6G). Q546R mimics frequently occurring muta-
tions within the helical domain, E542K and E545K, by introduc-
ing a positive charge within the highly basic surface of the nSH2
domain. Q546R likely destabilizes this critical inhibitory interface
while breaking inhibitory contacts between the nSH2 domain and
the activation loop (28).

Our analysis revealed that nonactivating non-kinase domain
mutations in general did not cluster and were dispersed through-
out the C2 and helical domains, along with linkers 2 and 3 (W328S,
R335G, G363A, R519G, Y606C; Figure 6, H and I), with the 2 most
nonconservative mutations (R335G and R519G) mapping to the
protein surface (Figure 6] and Supplemental Table 5). Two non-
activating mutations, V71I and E81K, did map to the ABD/linker
1 region (Figure 6, H and I). V71 is part of a hydrophobic network
involving 169 and 1102 of the ABD, and it is likely that the protein is
able to accommodate the additional methyl group from isoleucine
without disrupting the inactive structure (Figure 6K and Supple-
mental Table 5). It is somewhat surprising that E81K is also non-
activating because it spans the ABD/linker 1 interface with E81,
forming a salt-bridge with K111 in 4 out of 6 structures analyzed
(PDB ID: 4123, 4L2Y, 4L1B 5XGI; Figure 6D and Supplemental
Table 5). The K111E mutant, which we determined to be activating
(Figure 3C), has also been shown to be activating in in vitro kinase
activity and lipid binding assays (30), as well as cell-based signal-
ing assays monitoring Akt phosphorylation (35).

Several activating kinase domain mutants gained a positive
charge (E726K, E970K, C971R, N1068fs) and were positioned at
the membrane binding interface (Figure 6, L and M, and Supple-
mental Table 5). E726K resides on a loop, which binds the second-
ary PIP2 molecule via E722 in 40VV (Figure 60 and refs. 21, 36).
Thus, not surprisingly, E726K is predicted to enhance interaction
of the kinase domain with anionic membrane phospholipids (32),
and it is likely that E970K and C971R act through a similar mecha-
nism. N1068fs, a frameshift mutation that results in the insertion
of basic residues at the C-terminus (37), likely enhances the inter-
action with lipid substrate at the membrane binding interface in
the similar way as E726K (Figure 6N and Supplemental Table 5).
The nonactivating effect of mutations such as C905S and R975S
could be explained by a conservative side-chain substitution or
localization to the protein surface, away from the membrane bind-
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ing interface, respectively (Figure 6, O and P, and Supplemental
Table 5). Interestingly, M1043V and M10401, which are similar in
amino acid substitution and localize to the kall helix of the regu-
latory arch, have opposing effects on PI3Ka activity in our assays
(Figure 3D and Figure 6Q). M1043V reduces the bulkiness of the
hydrophobic side chain and is believed to activate the enzyme by
allowing the activation loop to adopt an extended conformation
for catalysis (38). Although the side-chain of M1043 is oriented
toward the activation loop, buried deep within the kinase domain,
M1040 faces outward, and its mutation to isoleucine is less likely
to affect the conformation of the activation loop (Figure 6Q and
Supplemental Table 5).

Collectively, our structural analysis showed that, although less
prevalent than canonical mutations, noncanonical PIK3CA muta-
tions impinge on similar molecular mechanisms to activate PI3Ko
signaling in cancer by targeting the autoinhibitory structural locks
that under normal conditions restrain the basal activity of the
PI3Ka holoenzyme. By breaking these locks, noncanonical muta-
tions elevate PI3Ka signaling, consequently sensitizing patients to
PI3Ka-targeted therapies. Thus, the noncanonical mutations we
describe here constitute a potentially new predictor for the suc-
cess of PI3Ka-targeted therapies in HNSCC.

Discussion

Studies with PI3K inhibitors in HNSCC have, to date, yielded
conflicting results. The majority of clinical trials have enrolled
patients independent of the PIK3CA status of their tumors. Class
I pan-PI3K inhibitors were designed to inhibit all class PI3K iso-
forms (a/B/3/y). PX-866 was developed as an analog to wort-
mannin to limit adverse effects and increase potency. However,
2 phase II studies of PX-866 have reported limited clinical effica-
cy in HNSCC in combination with docetaxel (ClinicalTrials.gov
NCT01204099) or cetuximab (ClinicalTrials.gov NCT01252628;
refs. 39, 40). The BERIL-I phase II trial (ClinicalTrials.gov
NCT01852292) showed modest improvement of progression-free
survival after treatment with class I pan-PI3K inhibitor buparlis-
ib (BKM120) plus paclitaxel in patients with HNSCC previously
treated with platinum compared with paclitaxel plus placebo (41).
A comparable proportion of patients in each treatment arm har-
bored PIK3CA mutations (11% in buparlisib plus paclitaxel vs. 13%
in placebo plus paclitaxel). Thus, the impact of PI3K inhibition
in HNSCC remains incompletely understood. The encouraging
response of the patient reported here underscores the need for
additional studies that incorporate the PIK3CA mutational status
of the patient’s tumor.

Recent efforts have largely shifted toward the development
and testing of isoform-selective inhibitors. A number of ongo-
ing clinical trials are testing the possibility that tumors harboring
PIK3CA mutations are sensitive to PI3Ko-targeted agents. A few
studies have looked at PI3K inhibitors as single agents. A phase II
trial (ClinicalTrials.gov NCT01737450) reported that buparlisib
had limited antitumor activity independent of PIK3CA mutational
status in heavily pretreated patients with HNSCC (42). GDC-0077
is a potent PI3Ka inhibitor and a mutant PI3Ka degrader and is
being evaluated as a single agent in patients with locally advanced
or metastatic PIK3CA-mutant solid tumors (ClinicalTrials.gov
NCTO03006172). A phase II MATCH trial is evaluating targeted
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therapy directed by genetic testing in patients with solid tumors,
which includes investigating the PI3Koa, § inhibitor copanlisib; the
PI3Kp inhibitor GSK2636771; or the PI3Ka, 3, y inhibitor taselisib
as single agents in HNSCC (ClinicalTrials.gov NCT02465060).
Alpelisib, a PI3Ka-selective inhibitor, demonstrated encouraging
preliminary activity as monotherapy in patients with PIK3CA-al-
tered solid tumors in a first-in-human phase Ia study (ClinicalTri-
als.gov NCT01219699; ref. 43). The disease control rate (DCR)
in PIK3CA-altered patients with HNSCC was 68.4% (13 of 19).
Of the 17 patients with HNSCC with tumor volume assessments,
7 patients showed tumor shrinkage. Alpelisib was approved by
the FDA for patients with breast cancer whose tumors harbored
mutations at PIK3CA canonical sites or specific noncanonical
mutations (C420R, Q546E, Q546K). In addition, a PIK3CA C2
domain mutation (P447 1455 deletion), which was reported in a
patient with estrogen receptor-positive (ER-positive) breast can-
cer, resulted in hyperactivation of p110a and was associated with
an excellent clinical response to alpelisib (44). The evolving use
of PI3Ka inhibitors in breast cancer demonstrates that the clinical
benefit of these agents can be extended to patients whose tumors
contain noncanonical PIK3CA mutations that are shown to be
activating in relevant preclinical models.

In HNSCC, where PIK3CA is the most commonly altered
oncogene, alpelisib and other PI3Ko-targeted drugs are being
tested as monotherapy or in combination. In a phase Ib study
of alpelisib and cetuximab with concurrent radiation therapy
in stage III-IVb HNSCC (ClinicalTrials.gov NCT02282371), 1
patient, whose tumor harbored a canonical PIK3CA mutation,
experienced a rapid response to the treatment, suggesting that an
activating PIK3CA mutation may serve as a biomarker for therapy
that includes a PI3K inhibitor (45). Overall, the success of PI3Ka.
inhibitors as monotherapy or in combination with other agents in
HNSCC has been limited to date. One potential reason is the lack
of biomarkers to reliably predict response to these agents. The
FDA approval of alpelisib in breast cancer supports the utility of
activating PIK3CA mutations as predictive biomarkers.

We are currently conducting a preoperative window of oppor-
tunity trial evaluating biomarker modulation and tumor volume
change in patients with HPV-positive HNSCC scheduled for tran-
soral robotic surgery, a context naturally enriched for genomic
PI3K activation by amplification or mutation (ClinicalTrials.gov
NCT03601507) (1). Among other ongoing clinical trials evalu-
ating alpelisib in HNSCC, only the study that our patient case
was enrolled in (ClinicalTrials.gov NCT03292250) specifically
requires the presence of genetic alterations of the PI3K pathway
be present in the tumor for enrollment. In this trial, we identified
a patient with HNSCC whose tumor contained the noncanonical
PIK3CA mutation Q75E and who had recurrent and metastat-
ic disease after cisplatin-based chemoradiation. In addition to
the noncanonical PIK3CA mutation (Q75E), there were 3 single
nucleotide variants (SNVs) found in the index patient’s tumor
(FBXW7, TGFBR2, and ATR). Of note, FBXW?7 is considered as a
potent tumor suppressor gene responsible for the degradation of
several proto-oncogenes, including mTOR, and loss of function of
FBXW7 has been reported to increase levels of total and activated
mTOR (46-48). The index patient tumor in our study contained 3
missense mutations of FBXW7 (R361Q, R399Q, R479Q). R479Q
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has been reported to confer a loss of FBXW7-substrate interaction
(49,50). Thus, it possible that these SNV alterations contributed to
the patient’s clinical response to alpelisib.

To our knowledge, this is the first report of this noncanonical
PIK3CA mutation in a patient with cancer. To determine the func-
tional impact of all noncanonical PIK3CA mutations in HNSCC,
we systematically characterized the oncogenic properties of the
32 noncanonical mutants found in the TCGA HNSCC cohort. The
majority of these noncanonical mutants (22/32, 68.8%) demon-
strated an activating phenotype, comparable to the more common
canonical mutants, when compared with the WT p1100. Notably,
the Q75E mutation found in our patient also demonstrated an
activating phenotype in our serum dependency, colony formation,
and cell migration assays. It is possible that the method we used,
exogenous overexpression via a doxycycline-inducible promoter,
may overestimate the potency of the constructs tested, although
this limitation would be true of all mutations, including noncanon-
ical PIK3CA mutants found to be nonactivating (51, 52). In addi-
tion, 2 other noncanonical PIK3CA mutations (E722K, R808Q)
were reported in a larger cohort of HPV-positive HNSCC (53). The
functional impact of these 2 mutations has not been elucidated,
thus representing a limitation of our study.

Comparison of the impact of noncanonical PIK3CA mutantsin
3 other cell line models confirmed that the functional consequenc-
es of noncanonical PIK3CA mutations were largely lineage inde-
pendent. Although the results across the models showed strong
agreement, the C971R and E365V mutants demonstrated discor-
dant behaviors. These mutants were found to be nonactivating in
the Ba/F3 model, but activating in the HNSCC and MCF10A cells
(and were not tested in the HeLa model). We previously reported
discrepant results between the Ba/F3 and MCF10A cell models in
the functional properties of mutations in other genes, including
ERBB2, BRAF, and EGFR (5). It may be important to note that Ba/
F3 is murine in origin, whereas PCI-52-SD1, MCF10A, and HeLa
are all human cell lines. In a platform using the HPV-positive cell
line HeLa, 16 of the 32 HNSCC-associated noncanonical PIK3CA
mutations were tested and displayed significant concordance
with the other 3 models, except for E81K, which was nonactivat-
ing in the HNSCC, Ba/F3, and MCF10A models, yet activating
in the HeLa model. Others have reported that the E81K mutant
induces AKT phosphorylation, activation of mTOR signaling, and
enhanced growth in patient-derived fibroblasts in vitro (54). Dis-
cordant results with E81K, E365V, and C971R suggest that these
are neomorphs activating only a subset of PIK3CA responses or
new responses that activate only some processes. Alternatively,
particular mutations may collaborate and have context-dependent
effects in some models or lineages. These collective findings high-
light the challenges of restricting studies to any single preclinical
platform to predict functionality and hence, clinical translation.

Our broad functional profiling demonstrated that activating
noncanonical p110a mutants in HNSCC were more sensitive than
WT p110a.to PI3Ka inhibition with alpelisib in PDX tumors and cell
line models. This supports our contention that patients with non-
canonical mutants defined as activating in the HNSCC platform
may benefit from treatment with PI3Ka-targeting agents. How-
ever, several studies have reported that not all patients respond
to alpelisib despite the presence of canonical PIK3CA mutations
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in their tumors. In a phase Ib trial, patients with ER-positive/
HER2-negative metastatic breast cancer with PIK3CA mutations,
including canonical and noncanonical (P447 L455del, Q546K/P,
1273V, C420R, D939G, E78K, E726K) mutations, and concurrent
alterations in KRAS, TP53, or FGFRI did not benefit from alpelisib
(55). Additionally, Elkabets et al. found that persistent mTORC1
activation mediated resistance to alpelisib in breast cancer cell
lines with canonical or noncanonical (N345K, C420R, K111N)
PIK3CA mutations (56). They also reported that persistent activa-
tion of mTOR signaling in HNSCC cell lines bearing either mutat-
ed (H1047R) or amplified PIK3CA confers resistance to alpelisib,
and that the activation is mediated via AXL interaction with EGFR
(57,58). Another study reported that acquired resistance to alpelis-
ib in a PIK3CA-mutant (H1047R) HNSCC cell line was associated
with increased expression of the TAM family receptors TYRO3
and AXL (59). Therefore, as with many other targeted therapies,
dissecting the underlying mechanisms driving resistance may
lead to improved treatment approaches.

Mapping of the noncanonical PIK3CA mutations onto inac-
tive apo, lipid-bound, and inhibitor-bound structures of the PI3Ka
heterodimer outlined potential mechanisms behind their acti-
vating effects. A breadth of biochemical and biophysical stud-
ies on canonical mutations as well as a number of noncanonical
mutations, including in vitro lipid binding and kinase assays (29,
30), hydrogen-deuterium exchange mass spectrometry (30), and
molecular dynamics simulations (32, 60-62), have demonstrated
several mechanisms by which PI3Ko autoinhibition is subverted
in cancer. These include (a) disruption of critical interdomain
inhibitory contacts, (b) conformational rearrangement of the reg-
ulatory arch and subsequent reorientation of the activation loop
for catalysis, and (c) enhanced affinity of the enzyme for anion-
ic membrane lipids due to an increase in positive charge at the
membrane-binding interface. Our analysis suggests that many
noncanonical mutations tap into these mechanisms, frequently
mimicking those of canonical mutations. For example, canonical
helical domain mutations E542K and E545K activate the enzyme
by breaking the nSH2/HD interface (33), and we showed that
the noncanonical mutant, Q546R, is positioned to do the same.
In another example, noncanonical mutation M1043V is likely to
affect the conformation of the regulatory arch, and noncanoni-
cal mutations E726K, E970K, C971R, and N1068fs are likely to
enhance membrane association, similar to the canonical kinase
domain mutant H1047R (34). More in-depth biophysical and
structural studies are needed to fully understand the molecular
mechanisms behind the effect noncanonical mutations have on
PI3Ka activity and signaling, but we showed that although less
prevalent, noncanonical mutations can be used as predictors of
patients’ responsiveness to PI3Ka-targeted therapies.

The collective results of the present study reveal the clinical
significance of noncanonical PIK3CA mutations in HNSCC and
possibly other cancers that harbor these mutations. In 2018, there
were 890,000 new HNSCC cases and 450,000 deaths world-
wide from this malignancy. The incidence of HNSCC, particular-
ly HPV-positive HNSCC, continues to rise and is anticipated to
increase by 30% by 2030 (63, 64). In 2021, an estimated 66,630
people will be diagnosed with HNSCC in the United States (65).
Nearly 20% of patients with HNSCC whose tumors were charac-
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terized in TCGA harbor a PIK3CA mutation. Our study suggests
that inclusion criteria should be broadened to encompass all acti-
vating PIK3CA mutations, including the 22 activating noncanon-
ical PIK3CA mutations identified in our preclinical models. It is
worth noting that one of the HNSCC-associated activating non-
canonical mutants, R88Q, is the most common noncanonical PIK-
3CA mutation across 32 cancer types in TCGA, underscoring the
broad significance of our findings to non-HNSCC cancers. Addi-
tional investigation is needed to determine the role of activating
noncanonical PIK3CA mutations in predicting responses to PI3K
inhibitors in cancer, including HNSCC.

In summary, our systematic functional profiling of HNSCC-as-
sociated noncanonical PIK3CA mutations across a variety of cel-
lular platforms identified activating mutations. These mutations
were further associated with antitumor responses to alpelisib in
a patient with HNSCC treated in a phase II trial and in several
HNSCC preclinical models, including PDXs. These findings sug-
gest that noncanonical PIK3CA mutations identified as activating
in preclinical models should be considered as predictive biomark-
ers for treatment with PI3K pathway inhibitors. The high level of
concordance of the activating phenotype across 4 distinct cellu-
lar platforms highlights the significance of noncanonical PIK3CA
mutations to a broad spectrum of cancers.

Methods

Targeted sequencing of patient tumor. Genomic DNA of the patient’s
tumor was isolated from FFPE samples using the QIAamp DNA FFPE
Tissue Kit (Qiagen) and subjected to targeted sequencing of 244 genes
known to be somatically altered in HNSCC. Sequencing was per-
formed using the customized SureSelectXT Target Enrichment library
generation kit (Agilent), and then sequenced by the Illumina HiSeq
2500 platform with a depth of coverage of more than 1000x. The data
set for next-generation sequencing was deposited in NCBI’s Sequence
Read Archive (PRJNA764203). Copy number alterations were called
using CNVKkit (https://cnvkit.readthedocs.io/en/stable/). To reduce
ambiguity from individual variations, all normal samples were pooled
and used as a control. Of the initial copy number alteration calls, genes
with 4 or more and O measured copy numbers were considered ampli-
fied and deleted, respectively, to secure high confidence (11).

Plasmids

pHAGE-PIK3CA WT has been previously described (5). The PIK3CA
WT gene (full-length coding sequence) was cloned into pPENTR-vector
using BP Clonase (Invitrogen, 11789100). For generation of individ-
ual PIK3CA mutants, site-directed mutagenesis of the pENTR-PIK-
3CA WT gene was performed with designated primers and Phusion
High-Fidelity DNA Polymerase (New England Biolabs, MO530L). The
site-specific recombination reaction was then performed using Gate-
way LR Clonase (Invitrogen, 11791019) to generate the mutants in the
doxycycline-inducible pLVX-3X-FLAG (N-terminus) vector (Clon-
tech). All constructs were sequence-verified in the final pLVX destina-
tion vector (Quintarabio).

Lentiviral infection of HNSCC cells. HEK293T cells (4 x 10° cells
in 10 cm dish) were transfected with 5 ug of lentiviral vector carrying
the gene of interest (pLVX-LUC as control, pLVX-PIK3CA WT, and
pLVX-PIK3CA mutants). Two days after transfection, fresh lentiviral
particles (in the supernatant of the HEK293T cells) were collected, fol-
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lowed by filtering through a 0.45 pm PVDF syringe to remove debris.
Fresh lentiviral particles were used for infection of PCI-52-SD1 cells.
Cells were plated at 40% to 50% confluency (4 x 10° cells in 10 cm
dish) 1 day before infection. Infection was performed by adding len-
tivirus to the cells containing complete culture media, with polybrene
(Sigma-Aldrich, TR-1003-G) at a final concentration of 8 pg/mL. Cells
were then incubated for an additional 48 hours, and the infection
medium was replaced with fresh complete medium containing puro-
mycin (1 pg/mL) for 3-day selection.

Animal experiments. PDXs from patients with HNSCC were estab-
lished in 5- to 6-week-old NOD.Cg-Prkdc* 112rg™™i/Sz] (NSG) mice
(The Jackson Laboratory, catalog 005557) as described previously (24).
Tumor-bearing mice were randomized into alpelisib and vehicle treat-
ments (n=12 tumors per group) when the average tumor volume reached
100 to 200 mm?. Alpelisib was administered at 25 mg/kg daily for 5
days/week by oral gavage for 21 days. Alpelisib was solubilized in 1%
(w/v) carboxymethylcellulose containing 0.5% (w/v) Tween 80. Tumors
were harvested 3 hours after the last treatment. Tumor growth was deter-
mined by measurement with calipers every 3 days and calculated using
the formula (length x width? /2. The individual relative tumor volume
(RTV) was calculated as follows: RTV = Vt/VO, where Vt is the volume on
each day and VO is the volume at the beginning of treatment.

Structural analysis. To visualize the putative effect of activat-
ing and nonactivating noncanonical mutations, mutations were
mapped onto autoinhibited structures of PI3Ko in the PyMOL
Molecular Graphics System (version 1.8.2.3, Schrodinger, LLC)
using the “find contacts” tool and the structure of the inactive
PI3Ka (PDB ID: 4123) as a template. The find tool was used to
identify polar and backbone contacts between residues that were
mutated and their surrounding residues and to demonstrate how
these contacts are disrupted upon mutagenesis. All figures illustrat-
ing the location of the mutations and their PI3Ka activation mecha-
nisms were prepared in PyMOL.

Statistics. Data are shown as SD, except in tumor growth curves
(Figure 5, A and C), in which data are shown as SEM. P values of less
than 0.05 were considered significant. A 1-tailed Student’s ¢ test
was used for comparison of any 2 groups and if needed to meet the
normality assumption of the test, data were analyzed on a log-trans-
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formed scale. For comparison of more than 2 groups determined by
more than 1 experimental condition, ANOVA was used with 2-group
comparisons of interest conducted via contrasts. The agreement in the
activation status between 2 assays was measured by Kendall’s tau cor-
relation coefficient (t).

Study approval. The TRIUMPH trial was conducted according to
the guidelines of the Declaration of Helsinki and approved by the IRB
of Yonsei University Severance Hospital. All animal procedures and
maintenance were conducted in accordance with protocols approved
by the IACUC of the University of California, San Francisco.
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