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Abstract
The phosphatidylinositol 3-kinase (PI3K) signaling pathway is frequently upregulated in cancer.
PIK3CA, the gene coding for the catalytic subunit p110α of PI3K, is mutated in about 12% of all
human cancers. Most of these mutants are single amino acid substitutions that map to three positions
(hot spots) in the helical or kinase domains of the enzyme. The mutant proteins show gain of
enzymatic function, constitutively activate AKT signaling and induce oncogenic transformation in
vitro and in animal model systems. We have shown previously that hot-spot mutations in the helical
domain and kinase domain of the avian p110α have different requirements for interaction with the
regulatory subunit p85 and with RAS-GTP. Here, we have carried out a genetic and biochemical
analysis of these “hot-spot” mutations in human p110α. The present studies add support to the
proposal that helical and kinase domain mutations in p110α trigger a gain of function by different
molecular mechanisms. The gain of function induced by helical domain mutations requires
interaction with RAS-GTP. In contrast, the kinase domain mutation is active in the absence of RAS-
GTP binding, but depends on the interaction with p85.
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Introduction
The catalytic subunit p110α of class I PI3K is frequently mutated in human cancer. Particularly
high incidences of mutation are found in cancers of the breast, the colon or the endometrium
(Catalogue of Somatic Mutations in Cancer, http://www.sanger.ac.uk/genetics/CGP/cosmic).
Genetic, biochemical and cell-based analyses suggest that such mutated p110α functions as an
oncoprotein, playing an important role in tumorigenesis.1-13 About 80% of the mutations map
to three hot-spots in the coding sequence of PIK3CA. Two of the hot spots, represented by the
single amino acid substitutions E542K and E545K, are localized in the helical domain of the
protein, the third, represented by the H1047R substitution, resides in the kinase domain. These
mutations increase enzymatic activity, constitutively stimulate AKT signaling, induce growth
factor- and anchorage-independent growth in culture, and cause tumors in vivo.4, 5, 9-13 We
have demonstrated previously that helical domain and kinase domain mutations in the avian
p110α have different requirements for interaction with the regulatory subunit p85 and with
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RAS-GTP.14, 15 We have now extended these studies to the human p110α. The human and
avian proteins are closely related (96 % primary sequence identity), but minor sequence
differences could affect mutant behavior. Here we report that the data on the human enzyme,
though distinct in some respects, are qualitatively in accord with the previous results obtained
with the avian protein. The gain of function seen with helical domain mutations depends on
an interaction with RAS-GTP but is less affected by binding to p85. In contrast, the kinase
domain mutation is active in the absence of RAS-GTP binding, but requires interaction with
p85.

Results
Binding to p85 is dispensable for cellular transformation induced by the helical domain
mutations E542K and E545K but is essential for the gain of function induced by the kinase
domain mutation H1047R

Biochemical and structural studies support the proposal that the helical domain mutations,
E542K and E545K, relieve an inhibitory interaction between the N-terminal SH2 domain of
p85 and the helical domain of p110α.16-20 In order to examine the effect of p85-binding on
mutant activity, we abolished the binding of human p110α to p85 by partial deletion (deletion
of 72 N-terminal amino acids, Δ72) or total deletion (deletion of 108 N-terminal amino acids,
Δ108) of the adaptor-binding domain (ABD) of human p110α. The expression level of the
partial ABD deletion mutants (Δ72-p110α) was significantly decreased (Fig. 1A). This is in
contrast to the results with the avian p110α, which was expressed at the same level as the wt
protein.14, 21 The expression level of Δ108 was even lower which is in agreement with
published information (Fig. 1A).9 However, these expression levels were sufficient to test for
interaction with p85. We carried out co-immunoprecipitation experiments with HA-tagged p85
(Fig. 1A). The results show that both Δ72 and Δ108 of the human p110α failed to bind to p85.
The bands seen with p110α antibody in the Δ72 and Δ108 lanes represent the endogenous
p110α of CEF, their migration in the gel differs distinctly from that of the faster moving deletion
mutants. The successful pull-down of the endogenous p110α also serves as a control, showing
that the interaction between p85 and p110α is detectable at low levels of p110α expression.

Partial or total deletion of the ABD had different effects on the oncogenicity of helical and
kinase domain mutations. Loss of p85 binding caused only a modest reduction in the efficiency
of transformation of the helical domain mutation E545K (Fig. 1B). In contrast, the kinase
domain mutation H1047R showed a more pronounced loss of oncogenicity if combined with
Δ72 (4-fold, data not shown), combination with the Δ108 deletion caused a complete loss of
transforming activity in H1047R (Fig. 1B). In human wt p110α, elimination of the ability to
bind p85 activated the latent oncogenic activity of that protein (data not shown). This
observation is in agreement with previous studies9, 14 and probably results from the removal
of a p85-mediated inhibitory effect. The differential transforming potencies of the helical and
kinase domain mutations that lack p85 binding are also reflected in their signaling to AKT.
Δ108-wt and Δ108-E545K transformed cells showed constitutive activation of AKT, albeit at
a lower level than cells expressing full-length E545K. In cells expressing the Δ108-H1047R
double mutant, there was no constitutive activation of AKT (Fig. 1A).

RAS-binding is important for oncogenic transformation induced by helical domain mutants
of human p110α; the kinase domain mutant is RAS-independent

The studies of Gupta and coworkers22 have identified point mutations in the RBD of human
p110α, K227A or T208D, that block the interaction with RAS without affecting the basal
activity of p110α. To test the effect of RAS binding on transforming activity, we combined
K227A or T208D with the hot-spot mutations of p110α and tested these double mutants in
focus assays. In contrast to the results obtained with the avian K227E, the single RBD mutations
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in the human protein did not affect oncogenic transformation induced by either the kinase
domain mutant H1047R or the helical domain mutant E545K (results not shown). In cells
expressing E545K/K227A, E545K/T208D, H1047R/K227A or H1047R/T208D, AKT was
constitutively activated but at a significantly lower level as compared to cells expressing E545K
or H1047R (Fig. 2A). The reduction in the activation of AKT did not affect the efficiencies of
transformation seen with these mutants.

We then tested the effect of the double mutation (K227A/T208D) in the RBD on the
transforming activity of E545K and of H1047R. In E545K/K227A/T208D, the efficiency of
transformation was reduced substantially compared to E545K, whereas the transforming
activity of H1047R/K227A/T208D did not differ from that of H1047R (Fig. 2B). Similarly, in
the wt p110α protein carrying the Δ108-K227A/T208D mutations, the efficiency of
transformation was reduced but a residual activity remained (data not shown). This latter result
is surprising and may reflect subliminal RAS binding to the K227A/T208D mutants in vivo,
although such binding is not evident in in vitro assays.22 All mutant constructs were expressed
at approximately equal levels (Fig. 2A). The quantitative differences in transforming potency
between the H1047R/K227A/T208D and the E545K/K227A/T208D mutants are also reflected
in the phosphorylation level of AKT at T-308. Quantitative analysis of the pAKT (T-308) bands
shows that the pAKT(T-308) level in cells expressing the H1047R/K227A/T208D mutant is
at least twice as high as that in cells expressing E545K/K227A/T208D.

Discussion
Gain of function and oncogenic activity make the cancer-specific mutants of p110α promising
therapeutic targets. In order to take advantage of this unique situation and design mutant-
specific interventions, it is necessary to understand the molecular mechanisms that induce the
gain of function. As a first step toward this goal, we have previously studied the hot-spot
mutations in avian p110α and have shown that helical and kinase domain mutations cause the
gain of function in p110α by different molecular mechanisms.14 Helical domain mutations
function independently of p85 but require RAS. The kinase domain mutation depends on p85
but is unaffected by a loss of RAS binding. In the present study, we have extended this analysis
to human p110α.

The p110α protein occurs in the cell as a heterodimer bound to p85.23, 24 We generated
p110α constructs that are defective in p85 binding by partial or total deletion of the ABD of
p110α. These constructs do not interact with p85 as determined by co-immunoprecipitation.
The deletion of the full ABD has contrasting effects on helical and kinase domain mutations.
The oncogenic and signaling activities of the helical domain mutations show an only minor
reduction, whereas these same activities in the kinase domain mutation are completely
extinguished. As reported previously, the deletion of the ABD in the wt p110α leads to
activation of cell transformation and of signaling as a result of removing p85-mediated
inhibition (see below).9, 14, 21

Biochemical and structural studies have provided evidence for an interaction between the N-
terminal SH2 domain of p85 and the helical domain of p110α.16-18, 25 This interaction is
responsible for the p85-induced inhibition of p110α. The helical domain mutations probably
weaken this p85-p110α interaction and thus remove the inhibition. Such a weakened interaction
between the N-terminal SH2 domain and p110α is also suggested by the failure of the
phosphorylated insulin receptor substrate to further activate lipid kinase activity of the helical
domain mutants.19 In contrast, the kinase domain mutation remains susceptible to this growth
factor-mediated enhancement.
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p110α is an important RAS effector and has a role in mediating the proliferative, survival, and
tumorigenic functions of RAS.22, 26, 27 Conversely, direct interaction between GTP-bound
RAS and p110α augments the activity of p110α, possibly by inducing a conformational change
at the substrate binding site or by mediating a closer interaction with the plasma membrane.
28, 29 Indeed, the activity of p110γ that is defective in RAS binding can be restored with a
myristylation signal. We have previously shown that the gain of function induced by the
H1047R mutant of avian p110α is independent of RAS binding, whereas that of the helical
domain mutants requires RAS interaction.14 In this study, we disabled RAS binding by
introducing the double mutation, K227A/T208D, and found a modest inhibition of the
oncogenic activity of the helical domain mutant but no effect on the kinase domain mutant.
This result is in accord with our previous studies, although the effect of inactivating RAS
binding on the helical domain mutant is not as extreme as seen with the avian protein. This
result raises the question of whether the K227A/T208D mutations fully disable RAS binding
in the human protein. The interaction between p110α and RAS is difficult to demonstrate by
pull-down experiments, but we have observed that constitutively active RAS, which induces
a strong stimulation of PI3K signaling, is ineffective in constructs carrying the K227A/T208D
mutations (results not shown). This observation suggests that the mutations in the RBD do
reduce the interaction, in agreement with previous reports22, but they may not completely
eliminate it.

Our data add further support to the conclusion that helical and kinase domain hot-spot
mutations of p110α induce a gain of function by different molecular mechanisms. Kinase and
helical domain mutants show opposite requirements for p85 and RAS interactions. The kinase
domain mutant is RAS-independent but needs p85 binding, the helical domain mutants are
p85-independent but require RAS for full activity. Release from p85-induced inhibition
provides an explanation for the behavior of the helical domain mutations.16-20 They mimic a
growth-factor-induced activated state that results from a weakened interaction with p85. The
additional, mutational deletion of p85 binding recapitulates this same mechanism and therefore
has no effect on these mutants. However, the helical domain mutants remain dependent on an
interaction with RAS. The kinase domain mutant mimics RAS-induced activation of p110α.
14, 20 The dependence of this mutant on p85 binding could be explained by referring to the
crystal structure of the p110α-p85 complex18 which reveals an unexpected interaction between
the ABD domain and the kinase domain. This interaction might be important for the active
conformation induced by H1047R and could account for the sensitivity of H1047R to a loss
of p85 binding.

Genetic analysis can suggest molecular mechanisms, but a more definitive understanding of
the functional effects of the hot-spot mutations in p110α requires high-resolution structures.
Such structural data have led to a novel interpretation of the H1047R kinase domain mutation.
Although H1047R maps close to the activation loop, it appears unlikely that H1047R affects
the position of the loop.18, 30-32 Rather, this mutation shows an unexpected effect on the
interaction of the protein with membrane lipids. This altered membrane affinity could explain
the mutation-induced gain of function. Such a mechanism would be distinct from the
disinhibition that is the probable cause for the enhanced function of the helical domain
mutations.

We speculate that the conformational re-arrangements induced by the kinase and helical
domain hot spot mutations in p110α are unique and of sufficient magnitude to be exploitable
for the identification of small molecule inhibitors that are mutant-specific and do not affect the
wt protein. Because of their exclusive effects on cancer tissue, such inhibitors could have
therapeutic properties that are superior to those of pan-specific PI3K inhibitors.
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Materials and Methods
Plasmid Construction

Construction of the pBSFI vector KOZ-cp3k encoding wt, E545K and H1047R human
p110α has been described.11, 33 To generate the ABD deletion mutant, the deletion constructs
were PCR amplified and cloned into pBSFI cloning vector using NotI and BamHI restriction
sites. The forward primers used for amplification of Δ72-hp110α and Δ108-hp110α were NotI
(F) GCC GCG GCC GCA CCA TGA GTG TTA CTC AAG AAG CAG AAA GGG AAG
AAT TTT TTG and NotI(F) GCC GCG GCC GCA CCA TGC GTG AAG AAA AGA TCC
TCA ATC GAG AAA TTG GTT TTG, respectively. The reverse primer used for amplification
of Δ72-hp110α and Δ108-hp110α was BamHI(R) TAT CGG ATC CTC AGT TCA ATG CAT
GCT GTT TAA TTG TGT GGA AGA TC. To generate the RBD mutant constructs, pBSFI
vector KOZ-cp3k encoding wt, E545K, H1047R were used as templates and the primers used
were: T208D 5′-CAA ATA ATG ACA AGC AGA AGT ATG ATC TGA AAA TCA ACC
ATG AC-3′ and K227A 5′-GCT GAA GCA ATC AGG GCA AAA ACT AGA AGT ATG
TTG-3′ (only the forward primer is listed). The mutated genes were subsequently cloned into
the avian retrovirus vector RCAS.Sfi.34 All mutations were confirmed by sequencing. The
p85α-HA expression construct was generated by PCR amplification of pCAGGS-p85α, a
generous gift from Dr. Tomoichiro Asano (Tokyo University, Tokyo, Japan), and subcloned
into the avian retroviral vector RCAS.Sfi.

Cell Culture and Transfection
Fertilized chicken eggs (white Leghorn) were obtained from Charles River Breeding
Laboratories (Wilmington, MA). Preparation and cultivation of primary CEF have been
described previously.35 For focus assays, DNA was transfected into CEF by using the dimethyl
sulfoxide/Polybrene method as described previously.14 For serum starvation, CEF were first
maintained in Ham's F-10 medium with 0.25% fetal bovine serum and 0.05% chicken serum
for 40–44 hours, followed by additional 2 hours in Ham's F-10 medium, and harvested for
protein analyses.

Immunoprecipitation and Western blotting
Western blotting was performed as described14 with minor modifications. Cells were lysed in
1 × Passive Lysis buffer (Promega, Madison, WI) containing 1× protease Inhibitor cocktail
(Roche, Indianapolis, IN), with 1 mM DTT/1 mM PMSF/50 mM β-glycerophosphate/50 mM
NaF/1 mM Na3VO4. Whole cell lysates were incubated with mouse monoclonal anti-HA
agarose (Sigma, St. Louis, MO) at 4°C overnight. The immune complexes were pelleted and
washed three times with cold lysis buffer in the presence of protease and phosphatase inhibitor.
For Western-blot analysis, the bound proteins were eluted by boiling in SDS loading buffer,
resolved on SDS-PAGE gel, then transferred to Immobilon-P membranes (Millipore, Billerica,
MA). After the membranes were blocked with 5% BSA in TBS-T (Tris-buffered saline with
0.05% Tween-20) for 1 hour at room temperature, they were incubated overnight at 4°C with
primary antibodies. Anti-HA, anti-p85α, anti-AKT, anti-phospho-AKT (S-473), anti-phospho-
AKT (T-308), and anti-β-actin were purchased from Cell Signaling Technology (Beverly,
MA). Membranes were washed three times in TBS-T and incubated with secondary antibody
(Pierce, Rockford, IL) in 5% non-fat dry milk in TBS-T for 1 hour at room temperature. The
reactive bands were visualized by chemiluminescence (Pierce, Rockford, IL).
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Abbreviations

ABD adaptor binding domain

AKT cellular homolog of murine thymoma virus akt8 oncogene, also referred to as
protein kinase B

CEF chicken embryo fibroblasts

N-SH2 N-terminal SH2 domain of p85

PI3K phosphatidylinositol 3-kinase

RBD RAS-binding domain

SH2 Src homology 2
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wt wild-type
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Fig 1. Binding to p85 is essential for H1047R-induced cell transformation
(A) Western blots comparing p110α expression levels, p110α and p85 binding, and the
phosphorylation of AKT in serum-starved CEF. In the co-immunoprecipitation assay, the
bands seen with anti-human p110α antibody in the Δ72 and Δ108 lanes represent the
endogenous p110α of CEF. (B) Quantitative analysis of cell transformation induced by full-
length or ABD deletion mutants of p110α. CEF were transfected with different p110α
constructs. Cells were then cultured under nutrient agar. Foci of transformed cells were counted
14 days post transfection. 545 and 1047 signify the E545K and H1047R mutants respectively.
Δp85-545 and Δp85-1047 mark the Δ108-E545K and Δ108-H1047R respectively.
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Fig 2. Oncogenic transformation by the helical domain mutation depends on binding to RAS
(A) Western blots comparing p110α expression levels and the phosphorylation of AKT in
serum-starved CEF. (B) Quantitative analysis of cell transformation induced by full-length or
RBD mutants of p110α. 545 and 1047 signify the E545K and H1047R mutants respectively.
ΔRas-545 and ΔRas-1047 mark the E545K/K227A/T208D and H1047R/K227A/T208D
mutants respectively.
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