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SIGNIFICANCE
Genetic alterations targeting the PI3 kinase pathway are highly prevalent in many human cancers. For example, gain-of-function mutations
in PIK3CA, which encodes a key enzymatic subunit of PI3 kinase, occur frequently in breast, colon, and endometrial cancers, among
others. Downstream activation of the AKT kinase is regarded as the dominant tumor-promoting mechanism enacted by PI3 kinase
signaling. However, this study shows that AKT signaling is markedly diminished in many cancer cell lines and human breast tumors
harboring PIK3CA mutations. Instead, these cells elaborate a signaling pathway involving the PI3 kinase effector PDK1 and its
downstream substrate SGK3. These findings may have important implications for PI3 kinase signaling and the development of rational
therapeutics against this key cancer pathway.
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Summary
Dysregulation of the phosphatidylinositol 3-kinase (PI3K) signaling pathway occurs commonly in
human cancer. PTEN tumor suppressor or PIK3CA oncogene mutations both direct PI3K-dependent
tumorigenesis largely through activation of the AKT/PKB kinase. However, here we show through
phospho-protein profiling and functional genomic studies that many PIK3CA-mutant cancer cell
lines and human breast tumors exhibit only minimal AKT activation, and a diminished reliance on
AKT for anchorage-independent growth. Instead, these cells retain robust PDK1 activation and
membrane localization, and exhibit dependency on the PDK1 substrate SGK3. SGK3 undergoes
PI3K- and PDK1-dependent activation in PIK3CA-mutant cancer cells. Thus, PI3K may promote
cancer through both AKT-dependent and AKT-independent mechanisms. Knowledge of differential
PI3K/PDK1 signaling could inform rational therapeutics in cancers harboring PIK3CA mutations.
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Introduction
Dysregulation of the phosphatidylinositol 3-kinase (PI3K) signaling pathway occurs
commonly in cancer (Vivanco and Sawyers, 2002). Upon activation at the plasma membrane
by receptor tyrosine kinases or RAS proteins (Engelman et al., 2006), PI3Ks phosphorylate
the D3 position on membrane phosphatidylinositides, thereby recruiting and activating proteins
that contain a pleckstrin homology (PH) or other lipid-binding domain. This activity is
antagonized by the PTEN tumor suppressor protein. The serine/threonine kinase AKT/PKB
(AKT), upon activation by PDK1 and the TORC2 complex (Alessi et al., 1997; Sarbassov et
al., 2005; Stephens et al., 1998), is believed to transduce the major downstream PI3K signal
in cancer. AKT regulates cell growth and survival pathways by phosphorylating substrates
such as GSK3, Forkhead transcription factors, and the TSC2 tumor suppressor protein
(Vivanco and Sawyers, 2002).

Both PTEN and PIK3CA, which encodes the catalytic (p110α) subunit of P13K, are frequently
mutated across many human cancers. The most common tumor-associated PIK3CA mutations
(>80% of cases) involve either the helical domain (exon 9; e.g., E542K and E545K) or the
kinase domain (exon 20; e.g., H1047R) of p110α (Samuels et al., 2004, Samuels et al., 2005).
Inactivating PTEN mutations occur commonly in prostate cancer, endometrial cancer, and
glioblastoma, among others (Vivanco and Sawyers, 2002). Rare activating somatic mutations
of AKT1 have also been described in cancer (Carpten et al., 2007).

Although inactivating PTEN mutations and activating PIK3CA mutations both augment AKT
signaling in several experimental systems (Kang et al., 2005; Nakamura et al., 2000), it is not
clear whether such genetic alterations are functionally redundant in vivo. For example, in
endometrial cancers PIK3CA and PTEN mutations often co-occur (Oda et al., 2005), suggesting
that they may have distinct roles. Similarly, PIK3CA mutations may be seen in breast cancers
with low PTEN levels, and AKT phosphorylation correlates poorly with PIK3CA mutation in
this malignancy (Stemke-Hale et al., 2008). In addition, while PTEN loss has been associated
with adverse clinical outcome in breast cancer (Depowski et al., 2001), the prognosis associated
with PIK3CA alterations may depend on the type of mutation. In one study, for example, helical
mutations correlated with poorer prognosis than kinase-domain mutations (Barbareschi et al.,
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2007). Thus, as observed for RAS and RAF oncoproteins in the MAP kinase cascade (Solit et
al., 2006), the position of somatic alterations within the PI3K pathway (or PIK3CA itself) may
influence the mechanisms and, by extension, the functional output of oncogenic pathway
deregulation. Here, we employed a phospho-protein profiling and functional genetic approach
to characterize signaling mechanisms downstream of PI3K in PIK3CA-mutant cancer cells.

Results
PIK3CA-mutant cancer cells frequently show diminished AKT signaling

To determine whether somatic PTEN loss and PIK3CA activation lead to the same signaling
consequences in cancer, we interrogated phospho-protein profiles associated with distinct
alterations affecting the PI3K pathway by reverse-phase protein array (RPPA) analysis (Tibes
et al., 2006). Analysis of the quantitative protein expression signal from PTEN and
phosphorylated AKT (p-AKT) in the NCI60 cancer cell line collection (Stinson et al., 1992)
identified 12 lines with low or absent PTEN protein (Figure 1A). As expected (Nakamura et
al., 2000), all cell lines with low PTEN (PTEN-null) exhibited enhanced AKT phosphorylation
(p-AKT) at both serine 473 and threonine 308 (Figures 1B and 1C; p < 0.001 for both p-AKT
sites).

We then analyzed the relationship between the PIK3CA mutations and levels of p-AKT.
Previous sequencing studies identified 7 NCI60 cell lines (spanning four tumor types) that
harbor PIK3CA mutations; 3 lines with kinase-domain mutations (SK-OV-3, HCT-116, and
T-47D), and 4 with helical mutations (HT-29, HCT-15, MCF-7, and NCI-H460)
(http://www.sanger.ac.uk/genetics/CGP/cosmic/; and confirmed with the lines used here). In
contrast to the PTEN-null setting, NCI60 lines with activating PIK3CA mutations contained
much lower p-AKT RPPA signals when compared to PTEN-null cell lines, irrespective of
tumor type (p < 0.001 for Ser473 and p = 0.002 for Thr308; Figures 1B and 1C).

As PIK3CA mutations were relatively uncommon in the NCI60 panel, we confirmed this
observation in 51 human breast cancer cell lines (Neve et al., 2006) (Figure S1). We also
observed similar RPPA patterns by hierarchical clustering of PTEN and p-AKT RPPA signals
in 64 hormone receptor-positive breast tumor samples (Figure S2). Whereas elevated p-AKT
at Ser473 and Thr308 correlated inversely with PTEN levels in all cases, many PIK3CA-mutant
cell lines and breast tumors contained low p-AKT levels (Figures S1, S2). In these experiments,
reduced p-AKT expression was particularly apparent (though not universal) in the setting of
helical (e.g., E542K/E545K) PIK3CA mutations (PIK3CAhelical) (Figures S1B, S1C, and S2B),
although multiple cell lines and tumors with kinase domain (e.g., H1047R) mutations
(PIK3CAkinase) also showed low p-AKT (Figures 1B, 1C, S1B, S1C, and S2A). These findings,
together with previous studies of human breast tumors (Stemke-Hale et al., 2008), raised the
possibility that PTEN loss and PIK3CA mutation might have different effects on AKT
signaling.

To examine AKT pathway activation in more detail, we performed immunoblot analyses on
selected cancer cell lines that lack PTEN or express activating PIK3CA alleles. Strikingly, p-
AKT at both Ser473 and Thr308 was markedly diminished in the four PIK3CAhelical cell lines
examined, as shown in Figure 1D. AKT phosphorylation in PIK3CAkinase cells was more
variable, approaching the levels observed in PTEN-null cells in some cases (e.g., BT-20, MDA-
MB-453, and HCC1954; Figure 1D), while virtually undetectable in others (e.g., HCT-116;
Figure S3A). For most ensuing experiments, we considered MCF-7, HCT-15, and SW948 as
representative PIK3CA-mutant cells with low p-AKT; T47D and HCC1954 as representative
PIK3CA-mutant cell lines with elevated p-AKT; and 786−0 as a representative PTEN-null cell
line. Additional studies under serum-starved conditions showed that the level of AKT
phosphorylation in several PIK3CA-mutant cancer cell lines was comparable to a non-
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transformed setting (e.g., MCF-10A and MCF-12A cells; Figure S3B). Thus, many PIK3CA-
mutant cancer cells exhibited unexpectedly low AKT signaling.

We considered the possibility that the reduced AKT phosphorylation could reflect down-
modulation through known feedback regulatory mechanisms (Haruta et al., 2000; O'Reilly et
al., 2006). In this case, downstream effectors might be active even though p-AKT levels are
suppressed. To test this, we examined RPPA data corresponding to the AKT substrates
GSK3β and TSC2 in the NCI60 panel. Phosphorylation of both substrates was reduced in
PIK3CA-mutant cells compared to PTEN-null cells (Figures 1E and 1F). Immunoblot studies
confirmed a tight correlation between p-GSK3β and p-AKT (Figure S3C). Furthermore, we
observed no correlation between phosphorylation or activity of p70S6 kinase (a known
modulator of the feedback loop (Haruta et al., 2000; O'Reilly et al., 2006)) and p-AKT levels
in PIK3CA-mutant cells (M.A.D. and R.R., unpublished observations). Thus, decreased p-AKT
correlated with reduced substrate phosphorylation, suggesting that feedback loops do not fully
explain the AKT signaling dynamics in these PIK3CA-mutant cells.

We also assessed functional AKT signaling by examining localization of the Forkhead
transcription factor (FOXO), a direct AKT substrate, using a GFP-FOXO1 fusion construct
(Brunet et al., 1999; Nakamura et al., 2000). Activated AKT phosphorylates FOXO
transcription factors and prevents their nuclear entry (Brunet et al., 1999). In these experiments,
GFP-FOXO1 localized to the cytoplasm in PTEN-null cells (786−0 and LNCaP; Figure 1D)
and in PIK3CA–mutant cells with robust p-AKT expression (T47D and HCC1954; Figure 1G),
consistent with downstream pathway activation (Nakamura et al., 2000). However, PIK3CA-
mutant cells with low p-AKT (MCF-7, HCT-15, HCT-116 and SW-948) exhibited nuclear
GFP-FOXO1, comparable to cells with a “wild-type” PI3K pathway (ACHN and DU-145;
Figure 1G), and to the effects of a GFP-FOXO1-A3 construct resistant to AKT-mediated
cytoplasmic localization (Figure S3D). Together with the RPPA and immunoblotting data,
these results provided strong evidence that AKT signaling is often diminished in PIK3CA-
mutant cancers.

PIK3CA-mutant cells with low p-AKT show reduced dependence on AKT for tumorigenicity
We next determined whether AKT-dependent signaling is required for tumorigenicity in
PIK3CA-mutant cells. Here, we examined anchorage-independent growth on soft agar
following lentiviral RNAi knockdown (Moffat et al., 2006). Since many cancer cells express
multiple AKT isoforms (Figure S5A), we also tested a dominant negative AKT construct
(Dudek et al., 1997), which inhibits all AKT variants (dnAKT). Suppression of AKT1 reduced
soft agar growth in PTEN-null cells (786−0) and PIK3CA-mutant cells with high p-AKT (T47D
and HCC1954; Figures 2A and S4A). In contrast, neither AKT1 knockdown nor dominant-
negative inhibition had any discernible effect on anchorage-independent growth in PIK3CA–
mutant cell lines with low p-AKT (MCF-7, SW948 and HCT-15; Figures 2A, 2C and S4B).
Similarly, combined knockdown of AKT1 and AKT2 (Figure S5B) had only minimal effects
on MCF-7 cell growth (PIK3CA-mutant, low p-AKT; Figures S5C and S5D). In contrast,
combined AKT1/2 knockdown was highly deleterious to PTEN-null cells with elevated p-AKT
(786−0 cells; Figure S5D and data not shown).

To confirm dependency on the PI3K pathway in PIK3CA-mutant cells, we performed shRNA-
mediated knockdown of PI3KCA expression. As expected, PIK3CA knockdown markedly
reduced the anchorage-independent growth of several exemplary PIK3CA-mutant cell lines,
regardless of p-AKT levels (MCF-7, SW948, and T47D; Figure 2B). Interestingly, PIK3CA
knockdown had no effect on anchorage-independent growth or p-AKT levels in 786−0 cells
(PTEN-null; Figures 2B and S4C), suggesting the involvement of another PI3K isoform (e.g.,
p110β; Jia et al., 2008; Torbett et al., 2008)) or more than one PI3K isoform in these cells
(Hooshmand-Rad et al., 2000). Together, these observations suggested that PIK3CA–mutant
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cells with low p-AKT may exhibit a reduced dependence on AKT signaling, although these
cells remain dependent on PIK3CA for their tumorigenicity.

AKT membrane localization correlates with 3’-phosphatidylinositol levels in PIK3CA-mutant
cells

Next, we sought to understand the mechanism whereby AKT fails to under undergo robust
activation despite the presence of oncogenic PIK3CA mutations. To become activated, AKT
is recruited to the plasma membrane through its PH domain by PI3K-derived
phosphatidylinositols. Therefore, we examined the cellular localization of AKT in PTEN-null
or PIK3CA-mutant cells. Transient transfection of a construct expressing the AKT PH domain
fused to green fluorescent protein (PH-AKT-GFP; Varnai and Balla, 1998; Watton and
Downward, 1999)) under serum-starved conditions resulted in GFP membrane localization in
PTEN-null cells (786−0) and PIK3CA–mutant cells with elevated p-AKT (HCC1954 and
T47D), but not in PIK3CA–mutant cells with low p-AKT (MCF-7 and SW-948; Figure 3A,
upper panel). Immunofluorescence studies of endogenous AKT1 yielded similar results (Figure
S6A). These results suggested that the diminutive AKT signaling in some PIK3CA-mutant
contexts may result from its inefficient translocation to the plasma membrane.

We next examined the abundance of PI3K-derived phosphatidylinositide products in relation
to the mode of PI3K activation (Vanhaesebroeck et al., 2001). Using a monoclonal antibody
recognizing PtdIns(3,4,5)P3 (Figure S6B), we found that PTEN-null cells (786−0) and
PIK3CA–mutant cells with elevated p-AKT (T47D and HCC1954) showed robust membrane
staining for this phospholipid (Figure 3A, lower panel), whereas PIK3CA–mutant cells with
low p-AKT (MCF-7 and SW-948) showed reduced PtdIns(3,4,5)P3 (Figure 3A, lower panel).
The fluorescence intensity of this antibody was suppressed following incubation with the PI3K
inhibitor LY-294002 (Figure S6B), suggesting a specific recognition of PI3K-derived
phosphatidylinositide products. To confirm these experiments, we measured
phosphatidylinositide levels directly by 3[H]-inositol-based metabolic labeling studies. Both
PI(3,4,5)P3 and PI(3,4)P2 were significantly reduced in PIK3CA-mutant cell lines with low p-
AKT compared to PIK3CA-mutant cells with high p-AKT (Figures 3B and 3C). Together,
these results suggested that reduced levels of key PI3K phosphatidylinositide products may
impair AKT membrane localization (and subsequent activation) in some PIK3CA-mutant cells.

PTEN regulates AKT activation in PIK3CA-mutant cells
The direct correlation between AKT phosphorylation, membrane localization, and PI3K
phospholipid products also suggested that PTEN activity might suppress AKT activation in
some PIK3CA-mutant cells by constraining phosphatidylinositide accumulation. This notion
was buttressed by our observations that most PIK3CA-mutant cells with low p-AKT robustly
expressed wild-type PTEN (Figures 1D and S2B). To test this, we performed shRNA
knockdown of PTEN in PI3K pathway “wild-type” cells (DU-145) or PIK3CA-mutant cells
with low p-AKT (MCF-7) and measured p-AKT levels. As expected, AKT phosphorylation
at both Ser473 and Thr308 was induced upon PTEN knockdown (Figure 3D), suggesting that
PTEN may play a dominant role in AKT regulation, even in the presence of oncogenic
PIK3CA mutations.

PDK1 is highly expressed and required for tumorigenicity in PIK3CA-mutant cancer cells
The Pleckstrin-homology (PH) domain-containing kinase PDK1 is also recruited to cell
membranes in response to PI3K activation, and is independently required for PI3K-mediated
transformation in several systems (Bayascas et al., 2005; Flynn et al., 2000; Zeng et al.,
2002). To examine PDK1 activity in relation to PIK3CA mutation, we performed an RPPA
analysis of 224 hormone receptor (+) human breast tumor specimens using an antibody
recognizing p-PDK1 at Ser241, indicative of activation (Casamayor et al., 1999). Notably,
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elevated p-PDK1 levels in association with both PI3KCAhelical and PI3KCAkinase mutations
were observed in this tumor panel (p = 0.01 compared to “wild type” tumors for each mutation;
Figure 4A), confirming robust PDK1 expression and activation in the setting of PIK3CA
mutation in vivo. To determine if this phenomenon was manifest in vitro, we also examined
activated PDK1 levels in our panel of PTEN-null or PIK3CA-mutant cell lines. Consistent with
the breast tumor findings, all PIK3CA-mutant cell lines examined showed robust p-PDK1
levels, regardless of mutation type and p-AKT levels (Figures 4B and 4C), although p-PDK1
was not affected by treatment with LY-294002 (data not shown). Moreover, increased p-PDK1
was also linked significantly to PI3KCAhelical cells in a follow-up RPPA analysis of 51 breast
cancer cell lines (p = 0.03 compared to “wild-type” cells; Figure S7B), despite the reduced p-
AKT levels in this subset (Figures S1B and S1C).

We then considered whether PIK3CA-mutant cancer cells with low p-AKT remained
dependent on PDK1 signaling. As expected, PDK1 knockdown strongly suppressed anchorage
independent growth in representative PIK3CAhelical (MCF-7), PIK3CAkinase (T47D), and
PTEN-null cells (786−0) (Figures 4D, 4E and S7C), indicating a functional dependence on
PDK1 in these cells. Thus, activated PDK1 is highly expressed and required for tumorigenicity
in cancers harboring PIK3CA mutations.

PDK1 shows PI3K-dependent membrane localization in PIK3CA-mutant cells
To study PDK1 activation in more detail, we performed immunofluorescence studies under
serum-starved conditions following transfection of a construct expressing the PH domain of
PDK1 fused to GFP (PH-PDK1-GFP). In contrast to the analogous experiments with PH-AKT-
GFP above, PH-PDK1-GFP fluorescence accumulated at the plasma membrane in all PTEN-
null and PIK3CA-mutant cell lines examined, regardless of p-AKT levels; but this membrane
localization was less evident in PI3K pathway “wild-type” cells (Figure 5A). Moreover,
membrane GFP fluorescence was reduced following treatment with LY-294002, suggesting
that PH-PDK1 membrane localization was PI3 kinase-dependent (Figure 5A). These results
indicated that PI3 kinase-driven PDK1 signaling remained robust even when AKT-dependent
signaling was reduced.

We also studied PDK1 membrane localization by a more sensitive approach involving
separation of membrane and cytosolic fractions under serum-starved conditions. Endogenous
p-AKT, total AKT, p-PDK1 (Ser241) and total PDK1 were measured in each fraction. In
PTEN-null cells (786−0) and PIK3CA–mutant cells with high p-AKT (HCC1954), both p-AKT
and p-PDK1 were present in the membrane fractions (Figure 5B). Membrane p-PDK1 and total
PDK1 were also detectable in PIK3CA–mutant cells with low p-AKT (MCF-7, HCT15, and
SW-948); however, membrane p-AKT was not identified (Figures 5B and S7D). We then
examined PDK1 localization following lentiviral RNAi knockdown of PIK3CA. Reduction of
PIK3CA expression by two independent shRNAs resulted in a measurable decrease in
membrane PDK1 in MCF-7 cells under serum-starved conditions (Figures 5C and 5D). These
results lent additional credence to the notion that oncogenic p110α localization in PIK3CA-
mutant cancer cells, even when AKT signaling is diminished.

SGK3 is required for AKT-independent viability in PIK3CA-mutant cancer cells
Next, we investigated possible mechanisms of PDK1-dependent, AKT-independent growth in
PIK3CA-mutant cells. Here, we screened 6 PIK3CA-mutant human cancer cell lines (Table
S1) using a lentiviral shRNA library targeting >1000 kinases, phosphatases, and other cancer
genes (Boehm et al., 2007;Moffat et al., 2006), including 20 known PDK1 substrates (Table
S2). We stratified the PIK3CA-mutant lines into two groups based on p-AKT levels (3 lines
with elevated p-AKT and 3 with low p-AKT) and analyzed the top 10% of 120 shRNAs
targeting PDK1 substrates whose effects on viability distinguished these two classes (illustrated
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schematically in Figure S8A). We considered a gene a “hit” if two or more shRNAs against
this gene suppressed viability with a B-score < −1 (Experimental Procedures).

Interestingly, only 1 of 20 PDK1 substrates met the aforementioned criteria in each PIK3CA-
mutant class. AKT1 knockdown most strongly suppressed viability in PIK3CA-mutant cells
with high p-AKT, as expected (Figures 6A and 6B). Multiple AKT2 hairpins also segregated
within the top 10% of hairpins distinguishing the high p-AKT class (Supplemental Figure 8A),
though their absolute effects on cell viability were more modest, consistent with lower
abundance of this AKT isoform in many cell types. The knockdown efficacy of multiple
shAKT1 hairpins was confirmed by RT-PCR analysis and immunoblotting (Figure S8B). In
contrast, hairpins targeting SGK3 (serum/glucocorticoid regulated kinase 3; also known as
CISK) most strongly suppressed viability in “low p-AKT” PIK3CA-mutant cells (Figures 6A
and 6C). SGK3 is an intriguing candidate PDK1 effector; this kinase shares ∼50% identity
with AKT and contains a PX domain, which binds phosphatidylinositols (Tessier and
Woodgett, 2006). We confirmed knockdown efficacy of the two most potent shSGK3 hairpins
by RT-PCR (Figure S8C) and immunoblotting (Figure 6D). SGK3 knockdown strongly
suppressed MCF-7 cell viability (Figure 6D), in marked contrast to the effects of AKT
knockdown (Figures 2A, 2C, and S5B-D). Thus, multiple PIK3CA–mutant cells that lacked
AKT activation showed a functional dependency on SGK3.

SGK3 is regulated by PDK1 and PI3K in PIK3CA-mutant cancer cells with low p-AKT
To confirm PDK1-dependent modulation of SGK3 and other known PDK1 substrates in
PIK3CA-mutant cells, we suppressed PDK1 expression and examined the resulting
phosphorylation patterns (Vanhaesebroeck and Alessi, 2000). PDK1 knockdown substantially
diminished phosphorylation of SGK3 at Thr320 in MCF-7 cells (low p-AKT), but this effect
was less apparent in T47D cells (elevated p-AKT) (Figure 7A). In contrast, protein kinase C
beta/zeta phosphorylation was only minimally suppressed in MCF-7 and not at all in T47D
(Figure 7A). PDK1 knockdown also reduced p-p70S6K(Thr229) and p-RSK(Ser227) in both
cell lines; however, these PDK1 substrates were not identified as selective dependencies in our
RNAi analysis. As expected, PDK1 knockdown suppressed p-AKT (Thr308) in T47D cells
(Figure 7A). Overall, these results provide biochemical evidence that SGK3 contributes to an
AKT-independent signal downstream of PDK1 in PIK3CA-mutant cells, although the
importance of additional PDK1 substrates and alternate effectors cannot be excluded.

We then tested whether SGK3 activity is regulated by PI3K in the PIK3CA-mutant context.
The PX domain confers endosomal localization of SGK3 through its avidity for
phosphatidylinositide-3-phosphate, which is present at high levels on endosomal membranes.
As expected, a construct expressing the SGK3 PX domain fused to GFP localized to endosomes
in all cancer cell lines examined (Figure S9A); this localization was unaffected by treatment
with LY-294002 (Figure S9A). However, LY-294002 markedly reduced PDK1-dependent
SGK3(T320) phosphorylation (Figures S9B-C) in PIK3CA-mutant cells with low p-AKT
(MCF-7 and HCT-15 cells; Figure 7B). Thus, SGK3 activation but not endosomal localization
is regulated by PI3K in the setting of PIK3CA mutation.

Next, we determined the extent to which SGK3 exhibits PDK1-dependent phosphorylation in
cancer cells and its relation to PTEN or PIK3CA mutation. Although p-SGK3(T320) was
undetectable in non-transformed cells (MCF-10A and MCF-12A cells; Figure 7C). This
phosphorylation event was evident in multiple cancer cell lines, including most PIK3CA-
mutant cells examined (Figure 7C). Furthermore, only SGK3, and not SGK1 or SGK2, was
consistently expressed across all relevant PIK3CA-mutant cell lines in our panel (Figure S9D).
Taken together, these results suggest that SGK3 activation may be a characteristic of many
cancers independent of AKT signaling.
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Discussion
Aberrant PI3K signaling has been studied extensively in cancer. This study provides evidence
that PIK3CA mutations may contribute to tumorigenicity through both AKT-dependent and
AKT-independent mechanisms. In the absence of AKT activation, PDK1 may transmit an
alternative signal that engages alternative downstream substrates such as SGK3 in PIK3CA-
mutant cancer cells. This study thereby nominates both PDK1 and SGK3 as key oncogenic
effectors downstream of activating PIK3CA mutations.

Our AKT signaling results differ from studies in which mutant PIK3CA was expressed
ectopically in cell culture/chick embryo models (Isakoff et al., 2005; Kang et al., 2005; Zhao
et al., 2005) or introduced by knock-in methods into immortalized breast epithelial cells (Gustin
et al., 2009). On the other hand, multiple experimental lines of evidence presented herein
suggest that steady-state AKT signaling is reduced in many malignant contexts where
PIK3CA-mutations are present in situ. Moreover, the AKT and PDK1 activation patterns that
we observe are consistent across many human cell lines and clinical breast tumor specimens,
in line with published observations (Stemke-Hale et al., 2008). Of course, we cannot
completely exclude the possibility that AKT signaling operates at very low levels in some
PIK3CA-mutant cancers, even when poorly detectable by conventional methods. However,
our findings suggest that in some settings the functional “output” of PIK3CA mutations differs
importantly from that of deregulated PI3 kinase activity observed in PTEN-null cells.

Studies that employ selective small molecule AKT inhibitors may help clarify the nature of
AKT dependency in PIK3CA-mutant cancers. Consistent with our results, sensitivity in vitro
to inhibition by small molecule allosteric AKT1/2 inhibitors has been correlated strongly with
AKT phosphorylation in human cancer cell lines (She et al., 2008). In the study by She et al.,
(2008), p-AKT was detectable in MCF7 cells and suppressed by an AKT inhibitor.
Nonetheless, MCF-7 cells exhibited an attenuated sensitivity to pharmacologic AKT1/2
inhibition compared to several cancer cell lines with markedly elevated p-AKT levels (EC50
∼1 uM; She et al., 2008). In our hands, AKT phosphorylation occasionally becomes detectable
in MCF-7 cells after prolonged cultivation in vitro (e.g., ∼1 year; K.M.V., unpublished
observations), suggesting that variances in cell culture conditions may influence p-AKT levels
in some cases. Other studies have found PIK3CA-mutant breast cancer cell lines to be generally
more sensitive than PIK3CA-mutant colon cancer cell lines to small molecule AKT inhibition,
suggesting that cell lineage effects may also modulate this pharmacologic sensitivity
(Greshock, 2008). Altogether, these results endorse the notion that high p-AKT levels denote
an AKT dependency in PIK3CA-mutant cancer cells, while allowing for the possibility of AKT-
independent signaling in settings where steady-state p-AKT is reduced.

Both “upstream” activation (through receptor tyrosine kinases, RAS signaling, or deficiencies
in feedback regulation) and PTEN function provide important modes of PI3K regulation in
cancer. Interestingly, several PIK3CA–mutant breast cancer cell lines with high p-AKT
examined herein have been shown previously to harbor either ERBB2 overexpression/
amplification (MDA-MB-453 and HCC-1954) (Blend et al., 2003; Miller et al., 1996) or high
levels of activated EGFR (BT-20) (Zhang et al., 2002). Also, PIK3CA-mutant cells and human
breast tumors with low p-AKT tend to express wild-type PTEN and reduced 3’-
phoshpatidylinositides, whereas PTEN knockdown results in robust AKT phosphorylation.
Thus, many PIK3CA-mutant cancers that depend on AKT signaling may contain concomitant
upstream signal deregulation (e.g., RTK/RAS activation or loss of feedback regulation) or
PTEN deficiency (Oda et al., 2005). However, PIK3CA mutation by itself is neither necessary
nor sufficient for full AKT pathway activation when it occurs in situ.
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PIK3CA-mutant cells exhibit robust p-PDK1 expression and membrane recruitment, regardless
of AKT signaling. PDK1 exists in a constitutively active conformation that is not known to be
further augmented by upstream signals (Casamayor et al., 1999). Oncogenic membrane
recruitment of PDK1 appears to depend at least partially on mutant PIK3CA (Figures 5A-D).
Differential membrane localization of PDK1 compared to AKT may relate in part to differing
PH-domain phosphatidylinositide binding affinities, since prior studies suggest that PDK1 may
exhibit ∼20 fold higher affinity for PI(3,4,5)P3 than AKT (Stephens et al., 1998; (Currie et al.,
1999). PDK1 recruitment might also be aided by a kinase-independent function of mutant
PIK3CA, such as stabilization of a RTK-adapter protein complex that permits
phosphatidylinositol-independent PDK1 membrane localization. Towards this end, PDK1 was
shown to bind the Grb14 adapter protein in a PH-domain independent fashion (King and
Newton, 2004). Thus, while AKT membrane localization (and subsequent activation) depends
critically on elevated PI(3,4)P2 and PI(3,4,5)P3 levels, PDK1 localization may require a lesser
degree of phosphatidylinositide accumulation.

PIK3CA-mutant cancer cells with low AKT signaling exhibit a selective dependency on SGK3
for viability. The SGK family of AGC kinases shares more than 50% identity with the AKT
kinase domain (Tessier and Woodgett, 2006). SGK proteins become direct PDK1 substrates
as a result of C-terminal hydrophobic motif (HM) phosphorylation (Frodin et al., 2002;
Sarbassov et al., 2005). Recent evidence suggests that HM phosphorylation within SGK is
mediated by the TORC2 complex (Garcia-Martinez and Alessi, 2008), and that SGK proteins
may function as critical mediators of cell growth downstream of rictor/TORC2 (Jones et al.,
2009; Soukas et al., 2009). In accordance with previous findings, here we show that PDK1-
dependent SGK3 activation is under PI3K regulation in PIK3CA-mutant cancer cells. The
SGK3 PX domain exhibits a particular affinity for phosphatidylinositol 3’ phosphate (Tessier
and Woodgett, 2006), which localizes SGK3 to endosomal membranes (Figure S9A)
(Virbasius et al., 2001). SGK3 recruits PDK1 to endosomes upon PI-3 kinase activation
(Slagsvold et al., 2006). These phenomena raise the intriguing possibility that mutant p110α
may convey its oncogenic signal from or within endosomal compartments.

The precise oncogenic signal elaborated by SGK3 remains obscure, as few endosomal SGK3
substrates have been identified. The E3 ubiquitin ligase AIP4 was identified as an endosomal
SGK3 substrate whose phosphorylation leads to stabilization of CXCR4 and promotes breast
cancer metastasis (Slagsvold et al., 2006). The mammalian homologue of Drosophila Flightless
I (FLI-I) is another putative SGK3 substrate (Xu et al., 2009). FLI-I phosphorylation may
protect hematopoietic cells from death induced by cytokine withdrawal. Additional studies
should inform whether AIP4 or FLI-I confer tumorigenic signals relevant to the PIK3CA-
mutant context.

Together, our observations offer a modified conceptual framework for oncogenic PI3K
signaling. In the setting of PTEN deficiency, excess upstream activation, or defective feedback
regulation, PIK3CA-mutant cancers may elaborate sufficient membrane 3’-
phosphatidylinositols to recruit both AKT and PDK1 to the plasma membrane. When this
occurs, tumors will exhibit a robust (and usually “addictive”) AKT-dependent signal. On the
other hand, if PTEN function remains intact and upstream or feedback pathways are not fully
dysregulated, PIK3CA-mutations may transduce an AKT-independent signal that engages
PDK1 and SGK3. Unlike AKT activation, which requires simultaneous and sufficient
membrane recruitment of multiple proteins following 3’-phosphatidylinositol synthesis, a
moderate degree of PDK1 (endosomal) membrane localization may be all that is required to
activate SGK3 in a PI3K-dependent manner.

In summary, this study has uncovered an AKT-independent signal transmitted downstream of
many PIK3CA-mutant cancers. These results provide a mechanistic basis for recent
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observations suggesting biological differences between PIK3CA and PTEN mutation in human
tumors (Saal et al., 2007; Stemke-Hale et al., 2008). Moreover, they suggest that inhibition of
PI3K, PDK1 and downstream effectors may in some cases be more effective than inhibition
of AKT. Several PI3K pathway inhibitors have entered clinical trials. Knowledge of the
differential signaling pathways could thus inform the design of clinical trials in cancers defined
by PI3K pathway mutations.

Experimental Procedures
Lentiviral shRNAs and Plasmids

All lentiviral shRNA constructs were constructed in the pLKO.1puro vector
(http://www.broad.mit.edu/genome_bio/trc). A list of lentiviral shRNAs used is shown in
Table S3. The GFP-FOXO fusion construct was described previously (Nakamura et al.,
2000). The plasmid pcDNA3-PH-AKT-GFP (Varnai and Balla, 1998) was a kind gift from Dr.
Tamas Balla, National Institute of Health (Bethesda, MD).

Cell Culture
NCI60 cell lines were kindly provided by S. Holbeck of the Developmental Therapeutics
Program of the National Cancer Institute. NCI60 cell lines were grown in RPMI 1640 medium
containing 5% fetal bovine serum and 2 mM L-glutamine, and harvested at 50−80%
confluence. Protein lysates were prepared from 51 human breast cancer cell lines using standard
methods (see RPPA section below), and were provided by Dr. Joe Gray, Lawrence Berkeley
National Laboratories (Berkeley, CA). 786−0, LNCaP, MDA-MB-361, SW-948, BT-20,
HCC1954, T47D, MDA-MB-453, SK-OV3, HCT-15, DU145, ACHN and MCF-7 cells were
purchased from the American Type Culture Collection (Manassas, VA), and cultured in media
according to the suppliers’ instructions. MCF-10A and MCF12A cells were provided by Dr.
Kornelia Polyak at Dana-Farber Cancer Institute, Boston. PIK3CA exons 9 and 20 were
resequenced in all PIK3CAhelical and PIK3CAkinase cells to confirm the presence of the relevant
mutations.

Breast Tumor Specimens
For the analysis of p-AKT and PTEN levels in vivo, 64 hormone receptor-positive breast tumor
samples were obtained from patients with stages I-III adenocarcinoma and frozen in the Breast
Tumor Tissue Bank at the M.D. Anderson Cancer Center (MDACC). For the subsequent
studies of p-PDK1, an additional 160 tumors were analyzed from specimens that were obtained
from the Breast Tissue Frozen Tumor Bank at MDACC (A.S.) and from Clinic Hospital (CH),
Valencia, Spain (A.L.H.). All specimens were collected and studied under IRB-approved
protocols at MDACC and CH through which informed consent was obtained or de-identified
specimens were used. Pathologic assessment confirmed that each sample used was composed
of at least 70% tumor cells. Tumors were lysed and protein extracted for RPPA as described
below. DNA was extracted from the tumors and used for PIK3CA mutation detection or
PTEN sequencing as described below.

Reverse Phase Protein Lysate Array (RPPA) analysis
RPPA assays were performed as described previously (Tibes et al., 2006) in Supplemental
Experimental Procedures. Unsupervised hierarchical clustering was performed on mean-
centered protein expression values using Cluster 2.1 software
(http://rana.lbl.gov/EisenSoftware.htm). Results were visualized using Treeview software
(http://rana.lbl.gov/EisenSoftware.htm). Correlations between protein levels were calculated
using Microsoft Excel (Seattle, WA). Significance of these correlations was determined by
canonical correlations using NCSS Statistical and Power Analysis software (Kaysville, UT).
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Differences between groups were assessed and visualized using MATLAB software (Natick,
MA).

Immunoblot Analysis, Transfections and Fluorescence Microscopy
Antibodies recognizing total AKT, AKT1, phospho-AKT (S473 and T308), AKT2, AKT3,
PTEN, p110α, phospho-PDK1 (S241), Pan-Cadherin, GAPDH, GSK3β phospho-GSK3β
(Ser-9), phospho-SGK3 (T320 – special order) were obtained from Cell Signaling Technology.
Antibody recognizing PDK1 was obtained from BD Biosciences. Phospho-PKC-zeta (T410),
PKC-zeta, RSK2, p70-S6 kinase antibodies were obtained from Santa Cruz Biotechnology.
Phospho-RSK (T227) and phospho-p70-S6 kinase antibodies were purchased from R&D
Biosystems. SGK3 antibody was purchased from AbD Serotec. SGK1, SGK2 and β-actin
antibodies were obtained from Sigma. Methodological details are provided in Supplemental
Experimental Procedures.

Virus Production, Titration and Infection
Lentiviruses were produced by transfection of 293ε cells with the packaging plasmids encoding
Δ8.9 and VSV-G along with the lentiviral shRNA vector using Lipofectamine 2000 reagent,
according to the manufacturer's instructions. To perform lentiviral infections, the target cells
were plated at 40−50% confluence and incubated overnight (16 hr). On the day of infections,
the culture medium was replaced by the appropriately titered viral supernatant (1.5 ml/well)
and incubated at 37° C for 10 hours; afterwards, the viral supernatant was replaced with fresh
media. Forty-eight hours later, infected cell populations were selected in puromycin (2μg/ml):
After 5 days of selection, shRNA knockdown efficiency was determined by Western blot
analysis for respective proteins using specific antibodies.

Anchorage Independent Growth Assays
Methods are described in Supplemental Experimental Procedures.

Cell Proliferation Assay
Methods are described in Supplemental Experimental Procedures.

3H Lipid Labeling Experiments
Cells were labeled with [3H]-inositol for 72 hours in inositol-free and serum-free medium.
After labeling, cells were lysed in 1 M HCl. Lipids were extracted using chloroform/methanol
(1:1, vol/vol) and deacylated as described (Serunian et al., 1991). Briefly, deacylated lipids
were separated by anionic-exchange HPLC, detected by an online radiomatic detector, and
quantified by using the FLO-ONE analysis program (Packard). Each peak was identified by
using in vitro-synthesized internal standard lipids. The counts present in each peak were
normalized against the counts present in the phosphatidylinositol peak. p values were
determined using a one-tailed Student's t-test of the means of three PIK3CA-mutant cell lines
with low p-AKT (MCF-7, HCT-15, and SW-948) and three with high p-AKT (T-47D,
HCC1954, and MDA-MB453).

RNAi screen
Lentiviral shRNA infections were performed as described previously (Boehm et al., 2007;
Moffat et al., 2006). Briefly, lentiviral infections were performed in high throughput using a
subset of the TRC library containing approximately 5000 shRNA directed primarily against
kinases and phosphatases(Boehm et al., 2007); data from known PDK1 substrates was
extracted from this screen. On average, five unique shRNA were tested per gene for redundant
coverage. Updated protocols for high throughput viral production and infection, as well as a
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database of hairpin designs are available online at
http://www.broad.mit.edu/genome_bio/trc/rnai.html. Target cells were infected in 384 well
plates in quadruplicate, with two “puromycin-plus” and two “puromycin-minus” replicates to
assess for infection efficiency. Cell Titer Glo (Promega) was used to measure viability on
average 6 days following lentiviral infection for most cell lines.

Data for each shRNA was normalized using the B-score, an analog of the Z-score that uses a
two-way median polish to minimize row/column effects, and normalization to the median
absolute deviation to account for plate-to-plate (Malo et al., 2006). shRNA B-score data was
analyzed using the Comparative Marker Selection application suite in GenePattern(Gould et
al., 2006). Distinguishing hairpins were ranked using either the t-test statistic or the signal to
noise ratio (SNR), measures of the difference in class mean viability scores and the standard
deviation across samples. Individual shRNA B-score data for each cell line was aligned and
assembled into a .res file as an input into the Comparative Marker Selection application.
Standard classification files were used to generate each of the class distinctions. shRNA
viability data was ranked according to the t-test statistic, and the top 10% shRNAs
distinguishing the class of interest were filtered for genes with multiple hairpins to minimize
potential off-target effects. In addition, at least one shRNA was required to promote significant
viability loss across the class (mean B-score <−1), and one shRNA was required to yield a false
discovery rate (FDR) <25% for the comparison.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PTEN-null and PIK3CA-mutant cancer cells show different steady-state AKT pathway
activation patterns. (A-C) Quantitative RPPA protein expression levels were determined in
NCI60 cells showing loss of PTEN (PTEN-null) (green), helical PIK3CA mutation (Helical)
(red), kinase PIK3CA mutation (Kinase) (blue) or a wild-type pattern for PTEN and PIK3CA
(WT/WT) (gray). Relative protein levels of PTEN (A), p-AKT (Ser473) (B) and p-AKT
(Thr308) (C) are shown. The diminished PTEN protein levels in PTEN-null cells are
statistically significant (p < 0.001 when compared to both PIK3CA-mutant and “wild type”
cells). PTEN-null cell lines have higher p-AKT (Ser473) and p-AKT (Thr308) levels than
PIK3CA-mutant lines (p = 0.0006 and p = 0.002, respectively) or WT/WT lines (p = 0.0002
and p = 0.0003, respectively). The PIK3CA-mutant cell lines do not differ significantly from
the WT/WT cell lines (p = 0.62 and p = 0.25, respectively, for each p-AKT residue). (D)
Immunoblot analysis of AKT phosphorylation (p-AKT) at Ser473 and Thr308 across a panel
of PTEN-null or PIK3CA-mutant cancer cell lines. (E, F) Quantitative RPPA levels were also
determined for p-GSK3-α/β (E) p-Tuberin and (F). PTEN-null cells show higher
phosphorylation of both AKT substrates than PIK3CA-mutant cells (p = 0.003 and p = 0.002,
respectively) and WT/WT lines (p = 0.003 and 0.001, respectively). (G) Fluorescence
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microscopy of transient GFP-FOXO1 expression in PTEN-null or PIK3CA-mutant cancer cell
lines. Lines with high p-AKT or low p-AKT are indicated. Scale bars = 30 μM.
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Figure 2.
PTEN-null and PIK3CA-mutant cells show differential dependency on AKT for cell viability
and anchorage-independent growth. (A, B) Anchorage-independent growth following
lentiviral RNAi knockdown of AKT1 (A) or PIK3CA (B) in PTEN-null (786−0), PIK3CA-
mutant cells with low p-AKT (MCF-7 and SW-948) and PIK3CA-mutant cells with high p-
AKT (T47D). For each gene, knockdown efficacy of two independent shRNAs was measured
by Western blot (left), and colony formation in soft agar was enumerated (right). Data are mean
+/− SD; each experiment was performed in triplicate. (C) Expression of HA-tagged dominant
negative AKT (DN-AKT) in PTEN-null (786−0), or PIK3CA-mutant cells with low p-AKT
(MCF-7 and HCT15). Immunoblot analysis for DN-AKT expression (top) and effects of DN-
AKT on anchorage-independent growth (bottom) are shown.
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Figure 3.
AKT subcellular localization, phosphatidylinositide studies, and PTEN regulation in PIK3CA-
mutant cells. (A) Immunofluorescence studies of transient PH-AKT-GFP expression (top
panel) and PI(3,4,5)P3 levels (bottom panel), and are shown for “wild-type” (DU145), PTEN-
null (786−0), PIK3CA-mutant cells with low p-AKT (MCF-7 and SW-948) and PIK3CA-
mutant cells with high p-AKT (HCC1954 and T47D). Scale bars = 30 μM. (B, C) Relative
levels of PtdIns(3,4,5)P3 (B) and PtdIns(3,4)P2 (C) are shown in “wild-type” (DU145), PTEN-
null (786−0 and SF-539), PIK3CA-mutant cells with low p-AKT (MCF-7, HCT-15 and
SW-948) and PIK3CA-mutant cells with high p-AKT (HCC1954, MDA-MB453 and T47D).
Error bars represent standard deviations of the mean for each cell line group. (D) Immunoblot
analysis of AKT phosphorylation (p-AKT) at Ser473 and Thr308 following PTEN knockdown
in “wild-type” (DU145) or PIK3CA-mutant cells (MCF-7).
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Figure 4.
PDK1-dependent signaling and tumorigenicity in PIK3CA-mutant cells. (A) RPPA expression
of phospho-PDK1 (S241) in 224 hormone receptor positive human breast tumors. Samples
were grouped according to the type of PIK3CA mutation (helical or kinase) or “no
mutation.” (B) Immunoblotting studies of phospho-PDK1 (S241) and total PDK1 are shown
in “wild-type” (MALME and DU145), PIK3CAhelical (MCF-7, SW-948, HCT-15),
PIK3CAkinase (BT-20, HCC-1954, MDA-MB-453), and PTEN-null cells (786−0, SF-539). (C)
Quantification of the immunoblot signal as average intensities + SD are shown for the cell lines
in (B) above. (D, E) Anchorage-independent growth following lentiviral RNAi knockdown of
PDK1 in PIK3CA-mutant cells with low p-AKT (MCF-7) (D) or high p-AKT (T47D) (E).
Knockdown efficacy of two independent shRNAs was measured by Western blot (left), and
colony formation in soft agar was enumerated (right). Data are mean +/− SD; each experiment
was performed in triplicate.
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Figure 5.
PI3K-dependent membrane association of PDK1 in PIK3CA-mutant cells. (A) Fluorescence
microscopy of transient PH-PDK1-GFP expression is shown for serum-starved “wild-
type” (DU145), PTEN-null (786−0), PIK3CA-mutant cells with low p-AKT (MCF-7 and
SW-948) and PIK3CA-mutant cells with high p-AKT (HCC1954 and T47D). Scale bars = 30
μM. (B) Immunoblotting studies of cytosolic (Cy) and membrane (M) fractions prepared from
serum-starved “wild-type” (ACHN), PTEN-null (786−0), or PIK3CA–mutant cells (MCF-7,
HCT-15, and HCC-1954) are shown. (C) Immunoblotting studies of cytosolic (Cy) and
membrane (M) fractions prepared following shRNA knockdown of p110α (sh-PIK3CA) or
control (sh-GFP) in serum-starved MCF-7 cells. (For (B) and (C), Antibodies recognizing p-
AKT (S473), AKT1, p-PDK1 (S241), PDK1, Cadherin and GAPDH were used.) (D)
Quantification of the immunoblot signal is shown as a normalized ratio of membrane/cytosolic
PDK1 (total) for the blot in (C) above.
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Figure 6.
SGK3 transduces an AKT-independent signal in PIK3CA-mutant cells. (A) Distribution of 120
hairpins against 20 PDK1 substrates ranked according to the t-test statistics applied to cell
viability data. The tails of the curve represent hairpins that are selectively lethal in 3
PIK3CA-mutant cell lines with high p-AKT (red) compared to 3 PIK3CA-mutant cell lines
with low p-AKT (blue). Multiple hairpins targeting AKT1 or SGK3 in the top 10% of hairpins
distinguishing each class are indicated (circles). (B,C) Cell viability data is shown for the top-
scoring, knockdown-validated AKT1 hairpins (B) and SGK3 hairpins (C) in PIK3CA-mutant
lines with high vs. low p-AKT levels. (D) SGK3 expression by immunoblot analysis (left panel)
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and cell viability (right panel) following lentiviral RNAi knockdown of SGK3 in MCF-7 cells
(PIK3CA-mutant, low p-AKT) (NS: non-specific band). Scale bars = 500 μM.
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Figure 7.
(A) Immunoblot analysis of MCF-7 (PIK3CA-mutant, low p-AKT) and T47D cells
(PIK3CA-mutant, high p-AKT) stably expressing shRNAs against GFP (control) or PDK1.
Antibodies recognizing phospho-AKT (T308), AKT1, phospho-SGK3 (T320), SGK3,
phospho-PKC ζ (T410), PKC ζ, phospho-RSK (S227), RSK2, phospho-p70 S6 kinase (T229),
p70 S6 kinase, and actin were used. (B) Immunoblot analysis of SGK3 phosphorylation at
Thr320 (p-SGK3(T320)) in the absence or presence of LY294002 is shown for MCF-7 and
HCT-15 cells (PIK3CA-mutant, low p-AKT). (C) Immunoblot analysis of SGK3
phosphorylation (p-SGK3(T320)) across a panel of PI3K pathway “wild-type”, PTEN-null or
PIK3CA-mutant cancer cell lines. Non-transformed lines (MCF-10A and MCF-12A) are
included as negative controls (NS: non-specific band).
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