Phosphatidylinositol 3-kinase mutations identified
in human cancer are oncogenic
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Mutations in genes that encode components of the phosphatidylinositol 3-kinase (PI3-kinase) signaling pathway are common in
human cancer. The recent discovery of nonrandom somatic mutations in the PIK3CA gene of many human tumors suggests an
oncogenic role for the mutated enzyme. We have determined the
growth-regulatory and signaling properties of the three most
frequently observed PI3-kinase mutations: E542K, E545K, and
H1047R. Expressed in chicken embryo fibroblasts, all three mutants
induce oncogenic transformation with high efficiency. This transforming ability is correlated with elevated catalytic activity in in
vitro kinase assays. The mutant-transformed cells show constitutive phosphorylation of Akt, of p70 S6 kinase, and of the 4Ebinding protein 1. Phosphorylation of S6 kinase and of 4E-binding
protein 1 is regulated by the target of rapamycin (TOR) kinase and
affects rates of protein synthesis. The inhibitor of TOR, rapamycin,
strongly interferes with cellular transformation induced by the
PI3-kinase mutants, suggesting that the TOR and its downstream
targets are essential components of the transformation process.
The oncogenic transforming activity makes the mutated PI3-kinase
proteins promising targets for small molecule inhibitors that could
be developed into effective and highly specific anticancer drugs.
Akt 兩 oncogenic transformation 兩 p110␣ 兩 PIK3CA

G

enetic aberrations in the phosphatidylinositol 3-kinase (PI3kinase) pathway have been detected in numerous and
diverse human cancers. PIK3CA, which encodes for the catalytic
subunit p110␣ of class IA PI3-kinase, is amplified and overexpressed in some cases of ovarian cancer (1). Mutations in the
regulatory subunit p85 of PI3-kinase have been identified in
ovarian and colon tumors (2). PTEN, a lipid phosphatase that
counteracts the kinase activity of PI3-kinase, is frequently
mutated in various tumors including those of prostate, glioblastoma, melanoma, and endometrial carcinoma (3–6). Amplification or overexpression of Akt, a downstream effector of PI3kinase, also has been detected in ovarian, breast, and thyroid
cancers (7, 8). Both Akt and PI3-kinase can function as retroviral
oncoproteins, inducing rapid oncogenic transformation in vivo
and in vitro. Akt is the cellular homolog of the retroviral
oncogene v-akt, which was first identified in the murine lymphoma virus AKT8 (9); the catalytic subunit p110␣ of PI3-kinase
is the cellular counterpart of the product of v-p3k, a viral
oncogene found in the avian sarcoma virus 16 that induces
hemangiosarcomas in chickens (10).
Recent studies have described a high frequency of mutations
in the PIK3CA gene of several human cancers, including those
of the colon, brain, breast, and stomach (11–13). These genetic
alterations of PIK3CA consisted exclusively of the somatic
missense mutations and were clustered to specific sites in the
coding sequence (exons 9 and 20), clearly showing nonrandom
distribution. Two of the most frequently altered residues, E542
and E545, are located within the helical domain (exon 9) of
p110␣. These residues are often substituted with lysine in tumors
of colon and brain (12, 13). Another commonly targeted residue,
H1047, resides in the kinase domain (exon 20) and is frequently
substituted with an arginine in tumors of the breast, colon, and
brain (11–13). When expressed in cultured cells, the H1047R
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mutant protein displayed higher lipid kinase activity as compared with wild-type (wt) p110␣ (13), suggesting a gain of
function caused by the mutation.
The high incidence of these nonrandom PI3-kinase mutations
detected across different types of tumors strongly suggests a
functional significance in tumorigenesis. In this article, we show
that PI3-kinase carrying one of the three ‘‘hot-spot’’ mutations
(E542K, E545K, or H1047R) is able to induce transformation in
cultures of chicken embryo fibroblasts (CEF). We demonstrate
that the transforming activity of the mutants is correlated with
increased lipid kinase activity and activation of the Akt signaling
pathway and depends on the target of rapamycin (TOR) kinase.
Materials and Methods
Cell Culture and Transformation Assays. Primary cultures of CEF

were prepared from White Leghorn embryos obtained from
Charles River Breeding Laboratories. For focus assays, DNA
was transfected into CEF by using the Lipofectamine reagent
(Invitrogen) according to the manufacturer’s protocol. Focus
assays with infectious retroviral vectors were performed as
described (14, 15). Rapamycin (Calbiochem) was added directly
to the nutrient agar overlay of the infected cells. Controls
received DMSO vehicle instead of rapamycin. Transfected or
infected cells were fed every other day with nutrient agar for 10
or 14 days, respectively, and stained with crystal violet.
Plasmid Construction. Construction of the pBSFI vector KOZ-c-

p3k encoding WT chicken PI3-kinase has been described (16).
The mutant constructs containing an E542K, E545K, or H1047R
substitution were generated by using the Quick Change sitedirected mutagenesis kit (Stratagene) and the following primers:
E542K(⫹), 5⬘-GTACGCGAGATCCT T TGTCTA A A ATCACTGAGCAAGAGAAGC-3⬘; E542K(⫺), 5⬘-CCTTCTCTTGCTCAGTGATTTTAGACAAAGGATCTCGCGTAC-3⬘;
E545K(⫹), 5⬘-CCTTTGTCTGAAATCACTAAGCAAGAGAAGGACTTCCTC-3⬘; E545K(⫺), 5⬘-GAGGAAGTCCTTCTCTTGCTTAGTGATTTCAGACAAAGG-3⬘; H1047R(⫹),
5⬘-GA AGCA A ATGA ATGATGCTCGCCATGGTGGCTGGACAAC-3⬘; and H1047R(⫺), 5⬘-GTTGTCCAGCCACCATGGCGAGCATCATTCATTTGCTTG-3⬘.
The mutated genes were subsequently cloned as SfiI DNA
fragments into the avian retrovirus vector RCAS.Sfi. Construction of the retroviral vectors, RCAS-KOZ-c-p3k (encoding wt
p110␣) and RCAS-myr-⌬72-c-p3k (encoding a myristylated
form of p110␣ with a deletion of the first 72 aa), has been
described (16). In this article, the particular proteins encoded by
these constructs are referred to as wt PI3-kinase and myr-PI3kinase, respectively.
Serum Starvation and Platelet-Derived Growth Factor (PDGF) Stimulation. For serum starvation, CEF were cultured in Ham’s F-10

medium (Sigma) containing 0.5% FCS and 0.1% chicken serum
Abbreviations: CEF, chicken embryo fibroblasts; PI3-kinase, phosphatidylinositol 3-kinase;
TOR, target of rapamycin; PDGF, platelet-derived growth factor; S6K, p70 S6 kinase; 4E-BP,
eukaryotic translational initiation factor 4E-binding protein; wt, wild type.
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for 40 h. The medium was then replaced with plain F-10 medium,
and the cells were further incubated for 2 h. Subsequently,
the cells were stimulated with 50 ng兾ml PDGF (Calbiochem) for
15 min.
Western Blotting. Western blotting was performed as described

(16), with minor modifications. Briefly, cells were lysed in
Passive Lysis buffer (Promega) containing a protease inhibitor
mixture (Roche) (1 mM PMSF兾50 mM NaF兾1 mM Na3VO4).
Lysates containing 20 g of proteins were separated by SDS兾
PAGE and transferred to Immobilon P membranes (Millipore).
After the membranes were blocked with 5% BSA兾PBS兾0.05%
Tween-20 for 1 h at room temperature, they were incubated
overnight at 4°C with primary antibodies. Anti-p110␣ antibody
(sc-7174) was purchased from Santa Cruz Biotechnology, and
anti-Akt, anti-phospho-Akt (Ser-473), anti-S6K, anti-phosphoS6K (Thr-389), anti-4E-BP1, and anti-phospho-4E-BP1 (Ser-65)
antibodies were obtained from Cell Signaling Technology (Beverly, MA). Anti-p19 Gag antibody was a generous gift from
Volker Vogt (Cornell University, Ithaca, NY). After rinsing with
PBS-T, the blots were incubated with secondary antibodies
diluted in PBS-T for 1 h at room temperature. The reactive bands
were visualized by chemiluminescence (Pierce), according to the
manufacturer’s protocol.

reaction was terminated by adding 80 l of 1 N HCl, and the
phosphorylated lipids were extracted with 160 l of chloroform兾
methanol (1:1). After samples were dried down, they were
dissolved in chloroform and spotted onto Silica Gel 60 TLC
plates (Merck). The plates were developed in a borate buffer
system (17) and visualized by autoradiography.
Results
Expression of Mutant PI3-Kinase Induces Oncogenic Transformation in
CEF. The three most frequent somatic missense mutations of

PIK3CA observed in various cancers are E542K, E545K, and
H1047R (11–13). We introduced these three mutations into the
wt sequence of the chicken homolog of PIK3CA. There is strict
conservation of these genes among vertebrates; 95% of avian
and human protein sequences are identical, including the residues affected by mutation. The mutant PI3K genes were cloned
into the retroviral expression vector RCAS and transfected into
CEF. The mutant proteins induced robust cell transformation
(Fig. 1). In contrast, cells transfected with the wt gene showed
only few isolated foci of transformation as reported (16) (Fig. 1).
These results suggest that each of the hot-spot mutations of
PIK3CA is able to induce oncogenic transformation in cell
culture with high efficiency.

PI3-Kinase Assay. In vitro PI3-kinase activity was analyzed as

Oncogenic Transformation by Mutant PI3-Kinase Does Not Require
Fusion to Viral Gag Sequences. Previous studies have shown that

described (16), with minor modifications. Briefly, the immune
complexes were prepared by incubating 400 g of proteins with
5 l of anti-p110␣ antibody for 2 h at 4°C, followed by 2 h of
incubation with Protein A-agarose. The beads were washed three
times with the lysis buffer and once with TNE (10 mM Tris, pH
7.5兾100 mM NaCl兾1 mM EDTA). Subsequently, the immune
complexes were incubated with 50 l of kinase reaction buffer
containing 20 mM Hepes (pH 7.5), 10 mM MgCl2, 200 g兾ml
phosphatidylinositol (sonicated), 60 M ATP, and 200 Ci兾ml
(1 Ci ⫽ 37 GBq) [␥-32P]ATP for 5 min at room temperature. The

the catalytic subunit of wt cellular PI3-kinase does not transform
cells (16). However, expression of PI3-kinase by the replicationcompetent retroviral vector RCAS can generate fusion proteins
in which PI3-kinase is joined at the N terminus to viral Gag
sequences. Such Gag fusions of PI3-kinase induce oncogenic
transformation because the membrane address supplied by the
Gag domain makes the cellular PI3-kinase constitutively active
and independent of the regulatory subunit p85. Because the
RCAS vector was also used to express mutant PI3-kinase, it was
important to rule out fusion to Gag as an explanation for the
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Fig. 1. Cellular transformation induced by mutant PI3-kinase (PI3K). CEF were transfected with RCAS vectors encoding PI3-kinase mutants or wt as indicated
by using various amounts of DNA. The cultures were overlaid with nutrient agar and fixed and stained with crystal violet on day 10.

Fig. 2. Characterization of single transformed cell foci. Individual foci of transformed CEF transfected with either mutant or wt PI3-kinase (PI3K) constructs
were isolated and grown until they reached confluency in 100-mm plates. After cell lysis, 20 g of the lysates were separated on a 3– 8% gradient
SDS兾polyacrylamide gel, and the transferred blot was probed with antibodies as indicated.

transforming activity of the mutant proteins. Therefore, individual foci of PI3-kinase-transformed cells were isolated and
grown into mass cultures containing ⬇4 ⫻ 106 transformed cells.
Protein extracts of these cultures, containing the progeny of a
single viral particle, were then analyzed by Western blotting
using anti-Gag and anti-PI3-kinase antibodies. No evidence of
Gag fusions was seen in cultures derived from 15 individual foci
induced by mutant PI3-kinase (Fig. 2). The Western blots
showed only the separately expressed 76-kDa Gag protein,
derived from the vector, as well as the p110␣ proteins that were
of the expected size in each of the foci. As controls, we tested
several of the rare transformed cell foci induced by wt PI3-kinase
and found Gag-p110␣ fusions in each of these (Fig. 2). These
results demonstrate the intrinsic transforming potential of mutant PI3-kinase, independent of fusion to viral Gag sequences.

Akt phosphorylation were determined with phosphospecific Akt
antibody. In serum-starved CEF expressing wt PI3-kinase from
the RCAS vector, phosphorylation of Akt required treatment of
the cells with PDGF, an activator of PI3-kinase signaling (Fig. 4).
In contrast, serum-starved CEF transfected with mutant PI3kinase showed constitutive phosphorylation of Akt. The level of
this phosphorylation was even higher than the level found in the
PDGF-treated CEF transfected with wt PI3-kinase (Fig. 4). A
control Western blot with the phosphorylation-independent
antibody against Akt showed similar Akt expression levels in wt
and mutant-transfected cells. PDGF stimulation had no effect on
the overall cellular Akt content (Fig. 4).

Mutant PI3-Kinase Proteins Display Enhanced Lipid Kinase Activity.

PI3-kinase is a lipid kinase that catalyzes the phosphorylation of
inositol phospholipids at the D3 position of the inositol ring. To
determine whether this enzymatic activity is enhanced in the
mutant proteins, in vitro kinase assays were performed. The
levels of D3-phosphorylated inositol phospholipid, the product
of PI3-kinase, were higher in CEF transfected with the mutant
PI3-kinase expression than in CEF transfected with WT PI3kinase (Fig. 3A). Mutant enzyme activities were similar to those
of myristylated PI3-kinase, which has enhanced lipid kinase
activity because of its constitutive membrane localization (16).
These results demonstrate that mutations in the helical domain
(E542K and E545K), as well as in the kinase domain (H1047R),
can increase the enzymatic activity of p110␣. The correlation
between elevated lipid kinase and transforming activities
strongly implicates gain of enzymatic function mediated by
cancer-specific hot-spot mutations of PIK3CA as a dominant
growth-promoting signal.
Mutant PI3-Kinase Induces Constitutive Activation of Akt Signaling in
CEF. One of the downstream targets of PI3-kinase is Akt, a

serine–threonine protein kinase that regulates multiple biological processes including survival, proliferation, cell cycle, and
protein synthesis (18, 19). Akt binds to the product of PI3-kinase
(D3-phosphorylated inositol phospholipid) with its pleckstrin
homology domain and subsequently becomes activated by phosphorylation through the actions of PI3-kinase-dependent kinases, PDK1 and PDK2. To test for the enhanced Akt activity in
the cells expressing the mutant PI3-kinase proteins, the levels of
804 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0408864102

Fig. 3. In vitro PI3-kinase activity of mutant proteins. (A) PI3-kinase (PI3K)
activity was measured with the immunoprecipitated lysates of CEF that were
transfected with WT, mutant (E542K, E545K, H1047R), or myristylated p110␣
expression construct. PIP, phosphoinositol phosphate; Ori, origin. (B) Expression of different p110␣ proteins. Twenty micrograms of the indicated cell
lysates used for the measurement of the PI3-kinase activity were separated on
a 3– 8% gradient SDS兾polyacrylamide gel, and the transferred blot was
probed with anti-p110␣ antibody. Myristylated p110␣ expression construct
contains a deletion of the first 72 aa, as noted in Materials and Methods.
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The oncogenic transforming activity of Akt correlates with the
phosphorylation of the downstream targets, p70 S6 kinase (S6K)
and 4E-binding protein-1 (4E-BP1) (20). The phosphorylationmediated activation of S6K and the inhibition of 4E-BP1 results
in the stimulation of mRNA translation (reviewed in refs. 21 and
22). Immunoblots with phosphospecific antibodies against S6K
and 4E-BP1 revealed constitutive phosphorylation of S6K and
4E-BP1 in CEF expressing mutant PI3-kinase proteins under
conditions of serum starvation (Fig. 4). In cells transfected with
wt PI3-kinase, the S6K and 4E-BP1 phosphorylation levels were
either undetectable or extremely low. There was no difference
between WT and mutant PI3-kinase-expressing cells in the
overall levels of S6K and 4E-BP1. These results suggest that the
transforming activity of mutant PI3-kinase proteins may be
mediated through the constitutive activation of Akt and alterations in translational controls after the phosphorylation of S6K
and 4E-BP1.
Rapamycin Inhibits Transformation Induced by Mutant PI3-Kinase
Proteins. The protein kinase termed TOR is a major signaling

component downstream of Akt (20, 21). TOR functions as a
regulator of translation and mediates the phosphorylation of
S6K and of 4E-BP1. Rapamycin, a specific and effective inhibitor
of TOR, blocks oncogenic transformation induced by constitutively active PI3-kinase or Akt (20). To determine whether the
mutant PI3-kinase-induced oncogenicity involves the TORdependent process, the inhibitory effect of rapamycin on the
transforming ability of the mutant PI3-kinase was explored. As
shown in Fig. 5, rapamycin also interferes with oncogenic
transformation induced by the cancer-derived mutant PI3-kinase
proteins, although some residual transforming activity remained
at the low drug concentrations (5 ng兾ml). The same concentration of rapamycin had no effect on the transforming ability of the
Src oncoprotein (Fig. 5). Sensitivity to inhibition by rapamycin
and constitutive activation of S6K and inactivation of 4E-BP1
implicate translational controls in the oncogenic activities of
mutant PI3-kinase proteins.
Discussion
Extensive sequencing analysis of PI3-kinase genes in human
cancers has revealed mutations in the PIK3CA gene, encoding
the catalytic subunit p110␣ of PI3-kinase. A functional signifiKang et al.

Fig. 5. Rapamycin inhibits transformation induced by mutant p110␣. CEF
were inoculated (100 l) with 100-fold dilutions of retroviral vectors expressing the indicated mutant p110␣ or with the PR-A strain of Rous sarcoma virus
expressing the v-Src oncoprotein. The cells were overlaid with nutrient agar
supplemented with 5 ng兾ml rapamycin or solvent only. After 14 days, the
cultures were fixed and stained.

cance of these mutations is suggested by four observations: (i)
the mutations are nonrandomly distributed, with a high percentage found in exon 9, encoding residues of the helical domain, and
in exon 20, encoding the kinase domain (11–13); (ii) most of the
mutations are nonsynonymous; (iii) the mutations affect preferentially residues that are highly conserved in evolution and
therefore are likely of critical functional importance; and (iv) one
of the mutations has been shown to cause a gain in enzymatic
activity (13).
Our studies offer strong evidence for the oncogenic potential
of the mutant proteins. We introduced mutations identified in
three hot spots of the human PIK3CA gene into the corresponding residues of the chicken PI3-kinase gene encoding the p110␣
protein. The avian p110␣ shows 95% identity with its human
counterpart, and the three mutated residues are conserved in the
two species. Expressed in CEF, these mutated p110␣ proteins
induce oncogenic transformation (Fig. 1). Previous work has
shown that wt p110␣ can acquire transforming activity if it is
provided with a constitutive membrane address, either in the
form of a myristylation or farnesylation signal or by fusion to
viral Gag sequences (16). Clonal analysis of transformed cell foci
induced by the mutant p110␣ proteins has ruled out such
secondary mechanisms of activation for the mutants because
they induce oncogenic transformation without any additional
alterations to their structure (Fig. 2).
This intrinsic oncogenic activity of the mutant p110␣ proteins
is also reflected in their enzymatic properties. All three mutants
display enhanced lipid kinase activity as compared with the wt
protein (Fig. 3). These results are consistent with previous work
showing increased enzymatic activity of the human p110␣ protein with the H1047R mutation that is identical to one of the
three mutations tested here (13). Mutations in the helical
domain of p110␣ (E542K and E545K) also confer enhanced
enzymatic activity. Structural data that could explain this effect
PNAS 兩 January 18, 2005 兩 vol. 102 兩 no. 3 兩 805
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Fig. 4. Constitutive activation of Akt signaling by mutant p110␣. CEF that
were transfected with wt or the mutant p110␣ were serum starved for 42 h
and subsequently stimulated with PDGF for 15 min. Cells were then lysed, and
the proteins were separated on a 4 –20% gradient SDS兾polyacrylamide gel.
The transferred blot was probed with antibodies directed against total proteins or antibodies recognizing p-S473 Akt, p-T389 S6K, or p-S65 4E-BP1.
Anti-4E-BP1 antibody detects both phosphorylated (*) and nonphosphorylated forms of the protein.

encode growth-promoting proteins depend on amply available
4E for efficient translation (39, 40). Cells expressing the mutant
p110␣ proteins show constitutive phosphorylation of both S6K
and 4E-BP1 (Fig. 4), suggesting the involvement of aberrant
translational control in mutant PI3-kinase-induced oncogenic
transformation.
The phosphorylation of S6K and 4E-BP1 requires the activity
of the protein kinase TOR (reviewed in refs. 21 and 22).
Rapamycin, an inhibitor of TOR, interferes with this phosphorylation. Rapamycin also inhibits the mutant-induced cellular
transformation (Fig. 5), suggesting that this transformation
depends on TOR and its downstream targets that control protein
synthesis. High sensitivity to the rapamycin derivative CCI-779
has previously been detected in cells deficient in PTEN, the
phosphatase antagonist of PI3-kinase, and in tumors of PTEN
heterozygous mice (41, 42). In the absence or reduction of
PTEN, the activity of the PI3-kinase–Akt signaling pathway is
elevated. The growth regulatory defect in these cells therefore
resembles that in cells transformed by the PI3-kinase gain-offunction mutants.
A kinase with a cancer-specific somatic mutation is an ideal
target for a small molecule inhibitor that could be developed into
an effective anticancer drug. Specificity of such inhibitor for the
mutant enzyme would minimize undesirable side effects that
could arise from interference with the functions of the wt
protein. Recent clinical experience with the cancer drugs
Gleevec (Imatinib), directed against the Bcr-Abl oncoprotein
(43, 44), and Iressa (Gefitinib), effective against mutants of the
EGF receptor (45, 46), suggest that synthesizing and optimizing
such inhibitors is an achievable goal.

of mutations in the helical domain are not available, but it is
conceivable that the difference in charge created by the glutamate-to-lysine substitution has a conformational effect that
alters enzyme activity. The strict conservation of the affected
residues in the avian and human sequences suggests that the
corresponding mutations in the helical domain of the human
p110␣ protein will also cause a gain of function. The correlation
between transforming potential of mutated p110␣ and enhanced
enzymatic activity implicates abnormally active PI3-kinase in
human cancer as a growth-promoting protein that can convey
selective advantage to the cell.
An important downstream target of PI3-kinase is the serine–
threonine kinase Akt (18, 19). Binding of Akt to the product of
PI3-kinase, D3-phosphorylated inositol phospholipid, occurs at
cellular membranes and facilitates the activation of Akt by two
kinases: PDK1, phosphorylating threonine 308 (23, 24), and
DNA-dependent protein kinase, formerly called PDK2, targeting serine 473 of Akt (25). Increased PI3-kinase activity commonly induces elevated levels of phosphorylated Akt (16, 26, 27).
The mutant PI3-kinase proteins meet this expectation; in cells
expressing these proteins, Akt is constitutively phosphorylated,
both in the presence and absence of growth factor (Fig. 4). In
contrast, in cells expressing wt p110␣, Akt is activated only in the
presence of PDGF. Akt affects numerous cellular processes
related to growth and survival (reviewed in refs. 19, 28, and 29).
It plays an important role in the resistance of cancer cells to
drug-induced apoptosis (30, 31) and mediates changes in protein
synthesis that are essential for maintaining the oncogenic cellular phenotype (20). The effect of Akt on protein synthesis is
reflected in constitutive phosphorylation of S6K and 4E-BP1
(20). S6K is activated by phosphorylation; it selectively affects
the translation of specific mRNAs by unknown mechanisms
(32–34). The 4E-BP1 is a negative regulator of translation; its
inactivation by phosphorylation increases the supply of the
eukaryotic initiation factor 4E (35–38). Numerous mRNAs that
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