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Oncogenic activation of the PI3-kinase p110β isoform via the
tumor-derived PIK3CβD1067V kinase domain mutation
E Pazarentzos1,2, P Giannikopoulos3, G Hrustanovic1,2, J St John3, VR Olivas1,2, MA Gubens1,2, R Balassanian4, J Weissman5,6,
W Polkinghorn3 and TG Bivona1,2

Activation of the phosphoinositide 3-kinase (PI3K) pathway occurs widely in human cancers. Although somatic mutations in the PI3K
pathway genes PIK3CA and PTEN are known to drive PI3K pathway activation and cancer growth, the significance of somatic
mutations in other PI3K pathway genes is less clear. Here, we establish the signaling and oncogenic properties of a recurrent somatic
mutation in the PI3K p110β isoform that resides within its kinase domain (PIK3CβD1067V). We initially observed PIK3CβD1067V by exome
sequencing analysis of an EGFR-mutant non-small cell lung cancer (NSCLC) tumor biopsy from a patient with acquired erlotinib
resistance. On the basis of this finding, we hypothesized that PIK3CβD1067V might function as a novel tumor-promoting genetic
alteration, and potentially an oncogene, in certain cancers. Consistent with this hypothesis, analysis of additional tumor exome data
sets revealed the presence of PIK3CβD1067V at low frequency in other patient tumor samples (including renal cell carcinoma,
glioblastoma multiforme, head and neck squamous cell carcinoma, melanoma, thyroid carcinoma and endometrial carcinoma).
Functional studies revealed that PIK3CβD1067V promoted PI3K pathway signaling, enhanced cell growth in vitro, and was sufficient for
tumor formation in vivo. Pharmacologic inhibition of PIK3Cβ with TGX-221 (isoform-selective p110β inhibitor) specifically suppressed
growth in patient-derived renal-cell carcinoma cells with endogenous PIK3CβD1067V and in NIH-3T3 and human EGFR-mutant lung
adenocarcinoma cells engineered to express this mutant PI3K. In the EGFR-mutant lung adenocarcinoma cells, expression of
PIK3CβD1067V also promoted erlotinib resistance. Our data establish a novel oncogenic form of PI3K, revealing the signaling and
oncogenic properties of PIK3CβD1067V and its potential therapeutic relevance in cancer. Our findings provide new insight into the
genetic mechanisms underlying PI3K pathway activation in human tumors and indicate that PIK3CβD1067V is a rational therapeutic
target in certain cancers.
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INTRODUCTION
The phosphoinositide 3-kinase (PI3K) signaling pathway controls
many processes that regulate cancer cell survival and growth.1,2

Activation of the PI3K pathway signaling occurs widely in human
cancers.3,4 Genetic studies have revealed somatic mutations in key
components of the PI3K pathway that promote its activation and,
consequently, tumor initiation and progression.5–7 The most
frequent genetic alterations present in human tumors are
activating mutations in PIK3CA (encoding p110α) and inactivating
mutations in the tumor suppressor PTEN (encoding phosphatase
and tensin homolog).8–11 Beyond somatic mutations in PIK3CA
and PTEN, the significance of somatic mutations in other PI3K
pathway genes (including the p110β, p110γ or p110δ PI3K
catalytic subunits) in tumor cell growth and survival is less well
understood. Hence, the full spectrum of potential biological and
tumor-promoting properties of oncogenic variants in PI3K
components is incompletely characterized.
Here, we establish the signaling and oncogenic properties of a

previously uncharacterized, recurrent somatic mutation in the
PI3K p110β isoform that resides within its kinase domain
(PIK3CβD1067V). We unexpectedly uncovered PIK3CβD1067V by
exome sequencing analysis of an EGFR-mutant non-small cell

lung cancer (NSCLC) tumor biopsy from a patient with acquired
erlotinib resistance. On the basis of this finding, we hypothesized
that PIK3CβD1067V might function as a novel tumor-promoting
genetic alteration, and potentially an oncogene, in certain cancers.
Consistent with this hypothesis, the analysis of additional tumor
exome data sets revealed the presence of PIK3CβD1067V in multiple
other human tumors (at low frequency). We demonstrate that
PIK3CβD1067V promotes PI3K pathway signaling and tumor
formation in vivo. We further found that selective inhibition of
PIK3CβD1067V suppressed the growth of patient-derived renal and
lung cancer cells, as well as of NIH-3T3 cells expressing this mutant
PI3K. Expression of PIK3CβD1067V in human EGFR-mutant NSCLC
cells promoted resistance to erlotinib. Taken together, our data
establish a new oncogenic form of PI3K. The data provide the first
evidence, to our knowledge, that oncogenic mutation of p110β
PI3K can drive not only PI3K signaling but also tumor formation
in vivo and can modulate therapeutic efficacy.

RESULTS AND DISCUSSION
We unexpectedly uncovered PIK3CβD1067V by whole-exome
sequencing of a lung adenocarcinoma biopsy specimen obtained
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from a patient with acquired resistance to first-line treatment with
the EGFR kinase inhibitor erlotinib. The patient was a 34-year-old
male non-smoker diagnosed with stage IV NSCLC that was found
by DNA sequencing (using a clinical assay) to harbor dual
activating mutations in EGFR (EGFRG719A/L861Q).12 On the basis of
the presence of mutant EGFR, the patient was treated with
erlotinib and experienced an initial tumor response (Figure 1a).
This initial response was followed by the development of acquired

resistance after 11 months of therapy, as is typical for such
patients (Figure 1a).13,14 Unfortunately, the patient succumbed to
this drug-resistant disease shortly following this disease progression.
Whole-exome sequencing analysis of the patient’s erlotinib-
resistant tumor biopsy revealed the presence of the EGFRT790M

resistance mutation (Figures 1a and b), which occurs in at least
50% of patients with acquired erlotinib resistance.15 The sequencing
analysis did not reveal other genetic events known to promote

Figure 1. D1067V is a recurrent somatic mutation in the kinase domain of PIK3Cβ in patient tumors. (a) CT scans showing erlotinib response
and acquired resistance in the EGFR-mutant NSCLC patient. Left panel shows histologic analysis confirming NSCLC in the resistant tumor
biopsy. Small cell cancer histologic transformation previously associated with acquired erlotinib resistance in some cases13,14 was not present
in the specimen. Arrows indicate NSCLC nodules. The therapy timeline and genotypes of the pre-treatment and erlotinib-resistant tumor
biopsy are shown. (b) Variant frequencies of the somatic mutations in EGFR and PIK3Cβ are shown, expressed as VaF=mutant allele count/
(normal allele count+mutant allele count). Sample preparation and exome-deep sequencing and analysis were conducted as previously
described,26 with a median fold exome coverage of ~ 100 × . The resistant tumor biopsy was exhausted in the molecular analysis and suitable
pre-treatment tumor biopsy was not available for exome sequencing. (c) Pan-cancer analysis indicating the presence of PIK3CβD1067V in
additional patient tumors (RCC, renal cell carcinoma; GBM, glioblastoma multiforme; HNSCC, head and neck squamous cell carcinoma).
(d) Multiple sequence alignment analysis performed using NCI protein Blast (Blastp) showing that D1067 (marked in red) in the C-terminal
kinase domain in PIK3Cβ is highly conserved across species.
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EGFR inhibitor resistance, such as MET kinase amplification15 (data
not shown). However, the whole-exome sequencing analysis
revealed a somatic mutation in PIK3Cβ encoding the p110β
catalytic isoform of PI3K (PIK3CβD1067V; Figures 1a and b). The
mutations in EGFR and the PIK3CβD1067V mutation were confirmed
by an independent clinical sequencing assay using DNA from the
patient’s resistant tumor biopsy (data not shown, Supplementary
Figure S1). There was no evidence of the EGFRT790M or
PIK3CβD1067V mutation in the pre-treatment tumor specimen
(Figure 1a, data not shown), suggesting emergence during
acquired erlotinib resistance. PIK3CβD1067V has not previously
been reported in patient tumors with resistance to EGFR inhibitor
therapy and is a variant of unknown functional significance.

Prompted by the discovery of PIK3CβD1067V in this patient’s tumor
biopsy, we hypothesized that PIK3CβD1067V might function as a
novel tumor-promoting genetic alteration, and potentially an
oncogene, in certain cancers.
To test this hypothesis, we first set out to determine whether

PIK3CβD1067V is observed in other patient tumors. We analyzed
publically available tumor exome data sets (using the cBIO portal
http://www.cbioportal.org/ to access The Cancer Genome Atlas
datasets16) and found that PIK3CβD1067V/A/Y is present at low
frequency in several tumors, including renal cell carcinoma,
glioblastoma multiforme, head and neck squamous cell carci-
noma, melanoma, thyroid carcinoma and endometrial carcinoma
(Figure 1c). This data mining across patient tumors also revealed

Figure 2. Cell signaling and oncogenic properties of PIK3CβD1067V. (a) Effects of the expression of PIK3CβD1067V or PIK3CβWT on the indicated
signaling proteins as measured by immunoblot analysis. NIH-3T3 cells were stably transduced with retroviral vectors containing: empty (EV),
expressing the wild-type (WT; Addgene #20573-Myr-removed) or mutant (Addgene #20573-mutated by recombinant PCR-Myr-removed)
PIK3Cβ gene, as previously described.27 Results represent three independent experiments. (b) Effects of the expression of PIK3CβD1067V or
PIK3CβWT on cell growth in the indicated cell lines. Results were derived from CellTiterGLO assays conducted according to the manufacturer’s
protocol (n= 3, ± s.e.m.). (c, d) Tumor allograft studies assessing the effects of expression of PIK3CβD1067V or PIK3CβWT on tumor growth in
immunocompromised mice (n= 6 mice/group, 12 tumors/condition± s.e.m.), with d showing representative tumor explants from the
indicated cell lines (explants from cells with empty vector (EV) are not shown as minimal or no growth of tumors was observed). Immunoblot,
cell viability and tumor explant studies were conducted using established methods.26

Oncogenic activation of PI3-kinase p110β isoform
E Pazarentzos et al

1200

Oncogene (2016) 1198 – 1205 © 2016 Macmillan Publishers Limited

http://www.cbioportal.org/


that mutation of D1067 was the most recurrent missense mutation
in the kinase domain of PIK3Cβ, accounting for ~ 15% (6/41) of the
missense mutations in this domain (with the majority, 38, of the
other missense mutations occurring only once). Interestingly,
these specimens with PIK3CβD1067V/A/Y did not harbor other
established oncogenic driver mutations with the exception of
BRAFV600E (in two cases: melanoma, thyroid; data not shown),
which can cooperate with PI3K pathway alterations to promote
oncogenesis.17,18 Overall, these data suggest that mutation of
D1067 in PIK3Cβ might promote tumor growth in certain cancers.
The D1067 residue lies within the kinase domain present at the

extreme C-terminus of PI3KCβ (Figure 1d), suggesting that
mutation at this site may impact PIK3Cβ activity. In further
support of the potential functional impact of mutation of D1067 in
PIK3Cβ, we found by multiple sequence alignment analysis that
this residue is highly conserved in PIK3Cβ across several species
(Figure 1d). On the basis of these collective findings, we
investigated the biological and functional properties of
PIK3CβD1067V.
We first examined the signaling properties of PIK3CβD1067V in a

genetically controlled system we established by engineering
stable expression of either PIK3CβD1067V or wild-type PIK3Cβ
(PIK3CβWT) in NIH-3T3 cells. These studies revealed that
PIK3CβD1067V activated PI3K pathway downstream signaling, as
measured by the levels of phosphorylated AKT and S6 kinase, to a
greater degree than PIK3CβWT (Figure 2a). These data indicate that
PIK3CβD1067V is an activating variant of PIK3Cβ. Expression of
either WT or mutant PIK3Cβ did not increase the levels of
phosphorylated ERK in these cells (Figure 2a), indicating that
PI3KCβ specifically activates PI3K pathway signaling in this system.
In addition, we found that expression of PIK3CβD1067V enhanced
cell growth in vitro compared with cells expressing PIK3CβWT (or
vector-transduced control cells) (Figure 2b). These data establish
that expression of PIK3CβD1067V confers a growth advantage in
cells in vitro. Together, the findings link hyperactivation of PI3K
pathway signaling by PIK3CβD1067V to enhanced cell growth.
On the basis of these findings, we next assessed whether

PIK3CβD1067V exhibited oncogenic properties in vivo using a tumor
allograft assay in immunocompromised mice. Indeed, we
observed that expression of PIK3CβD1067V was sufficient to
promote tumor growth in vivo (Figures 2c and d). Notably,
expression of PIK3CβWT also promoted tumor growth in vivo, albeit
to a lesser extent than PIK3CβD1067V (Figures 2c and d), consistent
with previous findings indicating that PIK3CβWT when over-
expressed can be oncogenic.19 Together, these data establish the
oncogenic properties of PIK3CβD1067V.
Given these observations, we next explored the function of

endogenous PIK3CβD1067V in human cancer cells. By mining
publically available data sets (Cancer Cell Line Encyclopedia), we
identified one patient-derived renal-cell carcinoma cell line with
endogenous PIK3CβD1067V (A498 cells, heterozygous PIK3CβD1067V).
We investigated whether genetic or pharmacologic inhibition of
PIK3CβD1067V would suppress the growth of these cells. We found
that knockdown of PIK3Cβ, but not PIK3Cα, in A498 cells
decreased growth in vitro (Figure 3a), suggesting a specific
requirement for mutant PIK3Cβ in this system. Consistent with
these findings, silencing PIK3Cβ, but not PI3KCα, suppressed the
levels of phosphorylated AKT in these cells (Figure 3b). Further-
more, pharmacologic inhibition of PIK3Cβ using the p110β
isoform selective inhibitor TGX-22120 similarly suppressed growth
in A498 cells (Figure 3c). In contrast, treatment with the pan-PI3K
inhibitor BKM-120 (which is more potent in vitro against p110α
than p110β)21 had less impact on A498 cell growth (Figure 3c).
Consistent with these findings, inhibition of PIK3Cβ by TGX-221
suppressed the levels of phosphorylated AKT and the downstream
PI3K pathway components S6 and 4EBP1 to a greater degree than
BKM-120 in these cells (Figure 3d). Treatment with either TGX-221
or BKM-120 did not substantially impact the levels of

phosphorylated ERK in these cells (Figure 3d), providing further
evidence linking PIK3Cβ specifically to PI3K pathway signaling.
Together, these data suggest that cancer cells with endogenous
PIK3CβD1067V might depend on this oncogene for growth and,
therefore, be more sensitive to a p110β isoform selective inhibitor
than cancer cells with PIK3CβWT.
We examined this hypothesis by investigating TGX-221 or

BKM-120 response in 786-O renal-cell carcinoma cells with
PIK3CβWT, in addition to the A498 renal-cell carcinoma cells (with
PIK3CβD1067V) studied previously. We found that A498 cells were
more sensitive to TGX-221 than 786-O cells (Figure 3e). In addition,
we observed little difference in sensitivity to the pan-PI3K inhibitor
BKM-120 between A498 and 786-O cells (Figure 3f), suggesting a
link between sensitivity to p110β isoform selective inhibition and
the presence of oncogenic PIK3CβD1067V. We also noted that
BKM-120 more effectively suppressed both AKT pathway signaling
as measured p-AKT and p-S6 levels (inset in Figures 3e and f) and
cell viability (Figures 3e and f) than TGX-221 in 786-O cells with
PIK3CβWT. Patient-derived cells, including A498, harbor additional
genetic alterations that might contribute to the effect of PI3K
inhibitor treatment on cell viability that we observed
(Supplementary Figure S2). Therefore, we next used a genetically
controlled system to test whether specific expression of
PIK3CβD1067V confers increased sensitivity to PI3K inhibitor
treatment, and particularly to treatment with TGX-221. We studied
NIH-3T3 cells transduced with oncogenic PIK3CβD1067V, PIK3CβWT,
or an empty vector control and treated the cells with either the
PI3K p110β selective inhibitor TGX-221 or the pan-PI3K inhibitor
BKM-120. Expression of mutant PIK3CβD1067V caused increased
sensitivity to TGX-221 when compared to expression of PIK3CβWT

or the control cells (Figures 3g and h). BKM-120, which has activity
against both p110β and p110α, was also more effective in NIH-3T3
cells expressing PIK3CβD1067V compared with those with PIK3CβWT

or the control cells, although BKM-120 was generally less effective
than TGX-221 likely because it is less potent against p110β than
p110α (Figures 3g and h).21 Together, the data show that
expression of PIK3CβD1067V is sufficient to confer oncogene
dependence and increased sensitivity to pharmacologic p110β
PI3K inhibition. As an additional control, we also tested the effects
of each form of PIK3Cβ on chemotherapy sensitivity (doxorubicin)
in this NIH-3T3 system. Interestingly, we found expression of either
PIK3CβD1067V or PIK3CβWT decreased doxorubicin sensitivity in
these cells (Supplementary Figure S3). These data suggest that the
effects of PIK3CβD1067V on therapeutic efficacy are context-specific
and highlight the specificity in enhancement in sensitivity to PI3K
inhibitor treatment (in particular TGX-221) caused by oncogenic
PIK3CβD1067V expression.
We further tested the impact of PIK3CβD1067V expression on

PI3K inhibitor sensitivity in human NSCLC cells (H3255)22 in which
we expressed either PIK3CβD1067V or PIK3CβWT and treated the
cells with TGX-221 or BKM-120 (Supplementary Figure S3).
Consistent with our findings in NIH-3T3 cells, expression of
PIK3CβD1067V conferred increased sensitivity to TGX-221 (and to a
minor extent to BKM-120), when compared with expression of
PIK3CβWT or the control cells in this system (Supplementary
Figure S3). Altogether, these observations establish the efficacy of
p110β pharmacologic inhibition in cells with oncogenic PIK3Cβ.
The findings indicate that PIK3CβD1067V is required for cell growth
via activation of PI3K pathway signaling. The data suggest that
specific pharmacologic inhibition of PIK3Cβ with a p110β-selective
inhibitor may be effective against certain cancers with
PIK3CβD1067V.
Given that we initially observed PIK3CβD1067V in a tumor

biopsy from an EGFR-mutant NSCLC patient with acquired
erlotinib resistance, we next investigated whether PIK3CβD1067V

could promote erlotinib resistance. We used the H3255 NSCLC
cells, which harbor mutant EGFRL858R, expressing either
PIK3CβD1067V or PIK3CβWT to test the effects of each form of
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PIK3Cβ on erlotinib sensitivity, as well as signaling. First, we
found that erlotinib treatment suppressed the levels of
phosphorylated EGFR, AKT and S6 in H3255 control cells, as

expected (Figure 4a).23 In contrast, expression of PIK3CβD1067V

resulted in sustained phosphorylation of AKT and S6 during
erlotinib treatment in these cells (Figure 4a). Furthermore,
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Figure 4. Oncogenic PIK3CβD1067V promotes sustained PI3K pathway signaling and EGFR inhibitor resistance in human EGFR-mutant NSCLC
cells. (a) Effects of stable expression of PIK3CβWT and PIK3CβD1067V on signaling in response to erlotinib in the indicated cells, compared with
control cells harboring empty vector (EV). Results represent three independent experiments. (b, c) Effects of stable expression of PIK3CβWT and
PIK3CβD1067V on cell viability during erlotinib treatment in the indicated cells, shown as (b) crystal violet staining assays or (c) CellTiterGLO cell
viability assays with half maximal inhibitory concentration shown (n= 3± s.d.), as previously described.26 *indicates Po0.05; ***indicates
Po0.01, for differential erlotinib IC50 effects.

Figure 3. Biological effects of oncogenic PIK3CβD1067V in patient-derived tumor models. (a) Effects of stable knockdown of PIK3Cβ SIGMA:
TRCN0000010024, TRCN0000010025 or PI3KCα SIGMA: TRCN0000196951, TRCN0000196795 by shRNA in the indicated cells as measured by
cell viability assays and shown as crystal violet staining, using established methods.26 Results represent three independent experiments.
(b) Validation of the effects of each shRNA on target expression and signaling by immunoblot (antibodies obtained from Cell Signaling
Technology and used according to the manufacturer’s protocol). Results represent three independent experiments. (c) Effects of treatment
with TGX-221 (obtained from SelleckChem) over a dose response of 0.01–1 μM or with BKM-120 (obtained from SelleckChem) over a dose
response of 0.01–1 μM in the indicated cells. Cell viability assays conducted as in a. Results represent three independent experiments. (d)
Effects of treatment with TGX-221 or BKM-120 in the indicated cells on the indicated proteins as measured by immunoblot analysis. Results
represent three independent experiments. (e, f) Effects of treatment with either (e) TGX-221 or (f) BKM-120 on the growth of the indicated
cells. Cell viability assays were conducted as in Figure 2 (n= 3± s.d.). Inset shows the effects of treatment with TGX-221 or BKM-120 in 786-O
cells on the indicated proteins as measured by immunoblot analysis using established methods.26 Results represent three independent
experiments. (g, h) Effects of treatment with either (g) TGX-221 or (h) BKM-120 on the growth of the indicated cells. Cell viability assays were
conducted as in Figure 2 (n= 3± s.d.). Insets show IC50s for the indicated treatments in the indicated cell lines, as previously described26

(IC50s41000 nM are shown up to 1000 nM).
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expression of PIK3CβD1067V was sufficient to promote erlotinib
resistance in this system (Figures 4b and c). In contrast,
expression of PIK3CβWT failed to significantly rescue p-AKT or
p-S6 levels upon erlotinib treatment (Figure 4a). Accordingly,
only a minor impact on erlotinib sensitivity was observed in
H3255 cells expressing PIK3CβWT compared with those with
PIK3CβD1067V (Figures 4b and c). Together, these data indicate
that the D1067V mutation in PIK3Cβ is critical for resistance to
erlotinib in this system. The data suggest that PIK3CβD1067V

sustains p-AKT and p-S6 levels during erlotinib exposure to a
degree necessary to significantly impact erlotinib efficacy in
these cells.
Overall, our findings indicate that PIK3CβD1067V differentially

modulates therapeutic sensitivity to multiple agents, enhancing
sensitivity to PI3K inhibitor treatment whereas diminishing
sensitivity to erlotinib or chemotherapy (doxorubicin). With
respect to the potential role of PIK3CβD1067V in erlotinib resistance
in NSCLC, additional investigations are warranted in properly
powered and prospectively acquired patient cohorts in future
studies. Interestingly, the erlotinib-resistant patient tumor in which
we uncovered PIK3CβD1067V also harbored EGFRT790M, suggesting
that EGFR inhibitor resistance may have been multifactorial.
PIK3CβD1067V was present at a higher variant frequency than
EGFRT790M in the patient’s resistant tumor biopsy (Figure 1b),
consistent with a model of multifactorial resistance. This notion is
also consistent with other findings showing that EGFRT790M can be
present concurrently with other resistance events in erlotinib-
resistant patient tumor biopsies24 and with data indicating that
~ 40% of EGFRT790M positive NSCLC patients fail to respond to
investigational EGFR kinase inhibitors with activity against
EGFRT790M (http://www.mycancergenome.org/content/disease/
lung-cancer/egfr/4/). Our data further highlight the potential
relevance of occult co-drivers of resistance in some patients. On
the basis of our findings, we propose that examination of PIK3Cβ
genetic status as a potential contributor to either tumor
progression or therapy resistance should be undertaken in future
studies.
In summary, our findings establish a novel oncogenic form of

PI3K and offer new insight into the genetic basis of PI3K pathway
activation in human cancers. Our data reveal the signaling and
oncogenic properties of PIK3CβD1067V, extending recent findings
indicating that another somatic variant in PIK3Cβ (PIK3CβE633K)
can promote PI3K pathway signaling and cellular transformation
(in vitro).25 Together, our findings offer new insight into the
oncogenic function of PIK3Cβ and establish for the first time, to
our knowledge, that oncogenic mutation of p110β PI3K can drive
tumor formation in vivo and modulate therapeutic sensitivity to
multiple agents in vitro. Our data also provide rationale for testing
p110β isoform-selective inhibitors in cancers with oncogenic
PIK3CβD1067V. Importantly, our findings also provide guidance for
the interpretation of ongoing and future cancer genome
sequencing efforts that may identify PIK3CβD1067V in additional
patient tumor specimens by establishing the functional relevance
of this mutant PI3K allele in cancer. More broadly, our study
highlights the utility of exome-wide genetic analysis of patient
tumor biopsies to identify and characterize unanticipated
molecular lesions that functionally contribute to tumor growth
and progression.
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