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Deregulation of the PI3K signaling pathway is observed in many
human cancers and occurs most frequently through loss of PTEN
phosphatase tumor suppressor function or through somatic activat-
ing mutations in the Class IA PI3K, PIK3CA. Tumors harboring acti-
vated p110�, the protein product of PIK3CA, require p110� activity for
growth and survival and hence are expected to be responsive to
inhibitors of its lipid kinase activity. Whether PTEN-deficient cancers
similarly depend on p110� activity to sustain activation of the PI3K
pathway has been unclear. In this study, we used a single-vector
lentiviral inducible shRNA system to selectively inactivate the three
Class IA PI3Ks, PIK3CA, PIK3CB, and PIK3CD, to determine which PI3K
isoforms are responsible for driving the abnormal proliferation of
PTEN-deficient cancers. Down-regulation of PIK3CA in colorectal can-
cer cells harboring mutations in PIK3CA inhibited downstream PI3K
signaling and cell growth. Surprisingly, PIK3CA depletion affected
neither PI3K signaling nor cell growth in 3 PTEN-deficient cancer cell
lines. In contrast, down-regulation of the PIK3CB isoform, which
encodes p110�, resulted in pathway inactivation and subsequent
inhibition of growth in both cell-based and in vivo settings. This
essential function of PIK3CB in PTEN-deficient cancer cells required its
lipid kinase activity. Our findings demonstrate that although p110�
activation is required to sustain the proliferation of established
PIK3CA-mutant tumors, PTEN-deficient tumors are dependent instead
on p110� signaling. This unexpected finding demonstrates the need
to tailor therapeutic approaches to the genetic basis of PI3K pathway
activation to achieve optimal treatment response.

T he PI3K signaling pathway is a critical regulator of many
cellular processes that promote the transformation of a

normal cell to a cancer cell. Initiation of this signaling cascade
commences with the phosphorylation of phosphatidylinositol
4,5-bisphosphate (PIP2) to produce phosphatidylinositol 3,4,5-
triphosphate (PIP3), which results in cell proliferation, motil-
ity, and survival, among many other cellular changes (1).
Cellular phosphatidylinositol 3,4,5-triphosphate levels are reg-
ulated tightly by the opposing activities of the lipid phospha-
tase PTEN and the lipid kinase activity of Class IA PI3Ks (2).
PTEN inactivation disrupts this balanced reaction and leads to
deregulated cell growth (3–5). Consequently, the finding that
PTEN frequently is inactivated in many tumors provided the
first direct evidence linking the PI3K pathway to the etiology
of human cancers (6–8). In addition, recent sequencing anal-
yses revealed that one of the Class IA PI3K isoforms, PIK3CA,
frequently is activated through somatic mutations in many
cancers (9–14). The observation that PTEN loss and PIK3CA
somatic activating mutations occur in most human tumors in
a mutually exclusive fashion strongly indicates that hyperacti-
vation of the PI3K pathway is an essential driver of tumori-
genesis (15–19).

Growing evidence supporting the dependency of cancer cells
on deregulated PI3K pathway activity for survival has resulted
in considerable efforts directed at developing pharmacological
inhibitors to stem aberrant PI3K signaling in tumors (20). So
far, the challenges of restoring the activity of loss-of-function
mutations characteristic of tumor suppressors have precluded
PTEN as a viable target for drug discovery. On the other hand,
recent successes in developing small-molecule inhibitors
against activated kinases have spurred considerable interest in

PI3Ks as targets for anticancer drugs (21, 22). Of particular
interest are the Class IA PI3Ks, which encompass the three
p110 lipid kinase subunits, p110�, p110�, and p110�, because
they are primarily responsible for phosphorylating the critical
signaling molecule, PIP2 (23). First-generation pan-PI3K in-
hibitors target all 3 Class IA isoforms (24, 25). Even though
Class IA isoforms share many structural and regulatory sim-
ilarities, the increasing biological understanding of these lipid
kinases indicates that they have nonredundant cellular func-
tions (26–29). Thus, concerns about unnecessary isoform-
derived on-target toxicities of pan-PI3K inhibitors have di-
rected considerable efforts toward the development of
isoform-selective inhibitors (30).

Although it generally is accepted that somatic activating muta-
tions in PIK3CA are important for tumorigenesis, it has not yet been
demonstrated formally that aberrant p110� activity is required to
maintain the transformed phenotype in established tumors. Fur-
thermore, it remains unclear whether p110� activity, either alone or
in combination with other Class IA lipid kinases, drives cell growth
and survival in PTEN-deficient cancers. To clarify the role of p110�
in the maintenance of PIK3CA-mutant cells and to identify the
Class IA lipid kinase required to drive PI3K pathway signaling in
PTEN-deficient tumors, we have generated a single-vector induc-
ible shRNA system to inactivate individual Class IA PI3Ks isoforms
potently and selectively in a panel of cancer cell lines. PIK3CA
depletion in 2 colorectal cancer cell lines, HCT116 and DLD1, each
harboring a unique hotspot mutation in PIK3CA, resulted in
reduced proliferation, colony formation, and soft agar growth and
strongly inhibited downstream pathway signaling. Importantly,
RNAi–mediated depletion of PIK3CA in HCT116 tumor xeno-
grafts resulted in tumor growth retardation, providing direct evi-
dence that inactivation of PIK3CA in an established tumor setting
leads to inhibition of tumor growth. In contrast, we surprisingly
found that depletion of PIK3CA does not affect signaling through
the PI3K pathway in the PTEN-deficient cancer cell lines PC3,
BT549, and U87MG, nor does it impact their transformed pheno-
types. Instead, down-regulation of PIK3CB resulted in strong
inhibition of growth and PI3K pathway signaling in all PTEN-
deficient cell lines tested. We further demonstrate that the lipid
kinase activity of p110� is required to sustain PI3K signaling in
PTEN-deficient cancer cells, providing a strong rationale for the
development of p110�-specific inhibitors for the treatment of
PTEN-deficient cancers.
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Results
PIK3CA Depletion Results in Suppression of Downstream PI3K Signal-
ing and Leads to Growth Inhibition of Colon Cancer Cell Lines with
PIK3CA Mutations. To assess accurately the dependency of tumors
on PIK3CA for both initiation and maintenance of the tumorigenic
phenotype, we developed a single-vector lentiviral doxycycline-
inducible shRNA system that allows efficient and regulatable target
gene knockdown in multiple cell lines [supporting information (SI)
Fig. S1]. Two human colorectal cancer cell lines, HCT116 and
DLD1, were stably transduced with the inducible vector containing
either scrambled control sequence or shRNA targeting PIK3CA. In
the absence of doxycycline, the levels of PIK3CA mRNA and
protein product were similar in both the control shRNA-expressing
cells and the PIK3CA shRNA-expressing cells. In sharp contrast,
the addition of doxycycline resulted in a dramatic down-regulation
of PIK3CA mRNA (� 90% knockdown) (Fig. 1A) and concurrent
reduction in p110� protein levels (Fig. 1B) only in the cells
expressing PIK3CA shRNA. No measurable off-target effects on
other Class IA PI3K isoforms were observed as determined by
quantitative RT-PCR (data not shown).

We next determined the contribution of PIK3CA to the tumor-
igenic phenotype in the colorectal cancer cell lines HCT116 and
DLD1. HCT116 has an H1047R mutation in exon 20 (kinase
domain), whereas DLD1 contains an E545K alteration in exon 9
(helical domain) (31). Because it is well accepted that the p110�
mitogenic signal is propagated through a number of well-
characterized downstream targets, we hypothesized that inducible
knockdown of PIK3CA would alter the phosphorylation state of key
p110� effector proteins. Indeed, down-regulation of PIK3CA was
accompanied by substantial reduction in phospho-AKT, phospho-
FOXO, phospho-PRAS40, and phospho-S6 in both cell lines (Fig.
1B). To assess phenotypic consequences of PIK3CA knockdown, we
studied the proliferation of stable shRNA cell lines in the absence

or presence of doxycycline under full (10%) (data not shown) or
reduced (0.5%) serum conditions over a 10-day period. Prolifera-
tion of cells containing shRNA targeting PIK3CA in the absence of
doxycycline was indistinguishable from the control shRNA-
expressing cells. Depletion of PIK3CA in both HCT116 and DLD1
lines significantly decreased growth under all conditions studied
(Fig. 1C). PIK3CA knockdown also strongly impaired the ability of
colorectal cancer cells to survive and grow when plated at low
density (Fig. 1D). Finally, anchorage-independent growth of
HCT116 cells, a hallmark of the transformed phenotype, also was
suppressed by PIK3CA depletion (Fig. 1E). Consistent with previ-
ously published results, silencing of PIK3CA in HCT116 cells
resulted in poly(ADP ribose) polymerase cleavage, suggestive of
increased levels of apoptosis, and prolonged G1 phase of the cell
cycle as determined by FACS analysis (data not shown). These data
are consistent with earlier findings that colorectal cancer cell lines
containing mutations in PIK3CA are dependent on p110� for
proliferation and survival (31).

Down-Regulation of PIK3CA in PTEN-Deficient Cancer Cell Lines Af-
fects Neither Signaling Through the PI3K Pathway nor Cell Growth and
Survival. Most cancers with deregulated PI3K signaling have ac-
quired either an activating mutation in PIK3CA or an inactivating
mutation in the opposing lipid phosphatase PTEN. To investigate
whether the increase in signaling through the PI3K pathway in
PTEN-deficient cell lines depends on p110� lipid kinase activity, we
introduced the inducible shRNA targeting PIK3CA into PC3,
U87MG, and BT549, which were confirmed to be PTEN deficient
(Fig. S2A). These cancer cell lines represent the major cancer types
with a high frequency of PTEN inactivation, namely prostate cancer
(30%–50%) (32), brain cancer (�30%) (33), and breast cancer
(20%) (34). Greater than 90% knockdown of PIK3CA mRNA was
achieved in PC3 and BT549 cell lines, whereas �80% knockdown
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Fig. 1. PIK3CA is required for PI3K signaling and growth in p110�-mutant cell lines. Dox � doxycycline. (A) HCT116 and DLD1 colorectal cancer cell lines transduced
with scramble control or PIK3CA-inducible shRNA were cultured in the presence or absence of doxycycline at 10 ng/ml for 72 h and harvested for Taqman analysis.
PIK3CA mRNA levels in the control samples (� DOX) were set to 100%. (B) Similarly treated cells were analyzed by Western blot to monitor changes in PI3K pathway
signaling. The phosphorylation states of PRAS40 at Thr-246, Foxo1 at Thr-24, Foxo3a at Thr-32, and p70/p85 S6K at Thr 389 were assessed. Endogenous GAPDH is shown
as a loading control. (C) Proliferation of stable HCT116 and DLD1 shRNA cell lines under low (0.5% FBS) serum conditions in the presence or absence of doxycycline (10
ng/ml) were monitored using CellTiterGlo over a 10-day period. Results are shown as mean � SE of 3 replicates. (D) Cells cultured in a 6-well dish for 14 days in the
presence (10 ng/ml) or absence of doxycyline were stained with crystal violet to visualize colony growth. All experiments were done in triplicates. (E) HCT116 cells were
grown in semisolid medium for 14 days in the presence (100 ng/ml) or absence of doxycycline. Colonies were visualized by Hoechst 33342 staining and photographed
using a Nikon fluorescence microscope. Colonies were counted (mean � SE, in triplicate) using ImagePro software.
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was observed in U87MG upon shRNA induction (Fig. 2A). Cor-
respondingly, a strong reduction in p110� protein levels was ob-
served by Western analysis in all 3 lines (Fig. 2B). In contrast to
HCT116 and DLD1 cells, however, the levels of the major down-
stream PI3K pathway effector, phospho-AKT, were not affected by
PIK3CA depletion in all PTEN-deficient cell lines tested (Fig. 2B).
The differential response to PIK3CA silencing could not be ex-
plained by gross differences in PIK3CA expression levels (Fig. S2B)
or PIK3CA-knockdown efficiencies (Fig. S2C).

Consistent with the unperturbed PI3K downstream signaling,
depletion of PIK3CA in PTEN-deficient cell lines also did not affect
cell proliferation (Fig. 2C). Because of the high frequency of PTEN
deletions found in prostate cancer, we focused on PC3 cell line to
further examine the role of PIK3CA depletion in PTEN-deficient
cells. In a clonogenic survival assay, the down-regulation of PIK3CA
in PC3 stable cells did not affect colony size or number in
comparison to the doxycycline-untreated cells (Fig. 2D). Further-
more, PIK3CA down-regulation did not affect the soft agar growth
of PC3 cells (Fig. 2E).

PIK3CA Depletion Inhibits Phospho-AKT and Tumor Growth in HCT116
but not in PC3 Xenografts. To address the dependency of both
PIK3CA-mutant and PTEN-deficient cells on PIK3CA in an in vivo
setting, we next assessed the effect of inducible silencing of PIK3CA
in tumor xenograft models. Although somatic cell knockout exper-
iments demonstrated that PIK3CA is important for the prolifera-
tion of PIK3CA-mutant tumors (31), these experiments could not
distinguish between its role in tumor initiation versus maintenance.
Using our inducible knockdown system, we therefore sought to
determine if p110� activity also is required for the maintenance of
established tumors. HCT116 cells stably expressing inducible

shRNA targeting PIK3CA were implanted into nude mice and
allowed to establish as tumor xenografts. Once tumor volume
exceeded 100 mm3, doxycycline or vehicle was administered to
tumor-bearing animals either continuously in drinking water or
once a day via oral gavage. Doxycycline treatment resulted in
significant inhibition of HCT116-PIK3CA shRNA tumor growth
(the mean increase of tumor volumes of treated animals divided by
the mean increase of tumor volumes of control animals multiplied
by 100 [T/C] � 50%, P � 0.05) (Fig. 3A) but had no effect on the
growth of wild-type HCT116 xenografts or mouse body weight
regardless of the administration route (data not shown). To confirm
the knockdown of endogenous p110� levels and to assess its effect
on downstream PI3K signaling, tumor xenografts samples were
analyzed at the end of the study. PIK3CA protein levels were
reduced dramatically in doxycycline-treated tumors compared with
their vehicle-treated counterparts (Fig. 3C). Furthermore, PIK3CA
down-regulation was accompanied by the suppression of phospho-
AKT, its direct downstream substrate phospho-PRAS40, and its
indirect target phospho-S6 (Fig. 3C).

In striking contrast, shRNA-mediated inhibition of PIK3CA did
not affect the growth of PC3 PTEN-deficient tumor xenografts
(Fig. 3B), despite significant down-regulation of p110� levels (Fig.
3C). Consistent with the results from cell-based assays, knockdown
of PIK3CA did not alter downstream PI3K pathway effectors in PC3
xenografts (Fig. 3C). Taken together, these data demonstrate that
tumors harboring activating somatic mutations in PIK3CA depend
on p110� for maintenance of both signaling through the PI3K
pathway and growth, whereas PTEN-deficient tumors are p110�
independent.

p110� Is Dispensable for the Maintenance of PI3K Signaling in the
Absence of PTEN. To confirm further that p110� is dispensable to the
maintenance of PI3K signaling in the absence of PTEN, we tested
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Fig. 2. PIK3CA activity is not required for PI3K signaling or growth in PTEN-deficient cancer cell lines. DOX � doxycycline. (A) BT549, PC3, and U87MG cell lines
transduced with scramble control or PIK3CA inducible shRNA were cultured in the presence or absence of doxycycline (10 ng/ml) for 72 h and harvested for
Taqman analysis. PIK3CA mRNA levels in the control samples (� DOX) were set to 100%. (B) Similarly treated cells were analyzed by Western blot to monitor
changes in p110� levels upon PIK3CA knockdown and the effect on p473AKT signaling. Constitutively expressed TetR protein was used as a loading control. (C)
Proliferation of PC3 cells was monitored over 10 days using CellTiterGlo. BT549 and U87MG cell proliferation was monitored by MTS assay over 10 days. (D) shRNA
stable cell lines were seeded in triplicates onto 6-well dishes (1500 cells per well) and allowed to attach for 24 h. Doxycycline was added to the indicated wells
at a final concentration of 10 ng/ml. Following 10-day incubation, dishes were fixed and stained with crystal violet. (E) Control or PIK3CA shRNA PC3 cells were
grown in semisolid medium for 14 days in the presence or absence of doxycycline (100 ng/ml). The resulting colonies were visualized by Hoechst 33342 staining
and photographed using a Nikon fluorescence microscope. Colonies were counted using ImagePro software (mean � SE, in triplicate).
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if inactivation of PTEN would render PIK3CA-mutated cells p110�
independent. HCT116 cells stably expressing inducible shRNA
targeting PIK3CA were transfected transiently with either control
or PTEN siRNA and were incubated in the absence or presence of
doxycycline. Interestingly, we observed that, even in the presence of
an activating PIK3CA mutation, loss of PTEN alone was able to
further increase signaling through the PI3K pathway (Fig. 4A;
compare lanes 3, 4, and 7 with lanes 1, 2, and 5). More importantly,
although knockdown of PIK3CA alone resulted in a dramatic
reduction of phospho-AKT levels (Fig. 4A; compare lane 6 with
lanes 1, 2, and 5), the double knockdown of both PTEN and
PIK3CA fully restored the phosphorylation of AKT (Fig. 4A;
compare lane 8 with lanes 1, 2, and 5). This finding further
demonstrates that the activation of the PI3K pathway resulting from
PTEN loss does not depend on p110� activity.

PTEN-Deficient Cells Depend on PIK3CB for Signaling and Cell Growth.
The finding that phospho-AKT levels are not perturbed after
PIK3CA depletion in the genetic context of PTEN deficiency
suggested that PI3K signaling may be mediated by other PI3K
isoforms. We therefore introduced inducible shRNAs targeting the
2 remaining Class IA PI3Ks, PIK3CB and PIK3CD, into the 3
PTEN-deficient cell lines BT549, PC3, and U87MG. Whereas
knockdown of PIK3CD did not affect signaling in any of the 3
PTEN-deficient lines tested (data not shown), depletion of PIK3CB
(Fig. 4B) resulted in striking inhibition of growth in these cell lines
(Fig. 4C). Importantly, an independent shRNA targeting a different
region of the PIK3CB transcript similarly inhibited growth of PC3
cells in a clonogenic survival assay (Fig. S3).

To directly test whether the lipid kinase activity of p110� is

required for the survival of PTEN-deficient cancer cells, we used an
shRNA-rescue strategy. Wild-type PIK3CB cDNA was modified to
contain 6 synonymous mutations in the shRNA targeting region
and expressed using a doxycycline-regulated lentiviral vector system
(Fig. S1). In addition, an shRNA-resistant lipid kinase–dead mu-
tant, p110�D937A, was generated by converting the ATP-binding
DFG motif to AFG. The expression levels of both shRNA-resistant
p110� rescue constructs were similar to the endogenous level (Fig.
5A) and did not affect the growth or signaling in PC3 cells
expressing control shRNA (Fig. S4A–C). Re-expression of wild-
type p110�, but not its kinase-dead counterpart, restored both PI3K
pathway signaling and cell growth (Fig. 5B and C) in PC3 cells
depleted for endogenous PIK3CB. These data indicate that PTEN-
deficient cells specifically require p110� lipid kinase activity to
sustain PI3K pathway signaling and abnormal cell proliferation.

p110�-Specific Compounds Inhibit Signaling and Cell Growth in PTEN-
Deficient Cells but not in PIK3CA-Mutant Cells. The recent develop-
ment of isoform-selective compounds allowed us to test whether
small-molecular-weight inhibitors can recapitulate our genetic find-
ings, which predict that PTEN-deficient and p110�-mutant cells
would exhibit different sensitivities to isoform-specific Class IA
PI3K inhibitors. As expected, treatment of all cell lines with the
pan-PI3K inhibitor, BEZ235 (24), reduced phospho-AKT levels
(Fig. S5A). Strikingly, the p110�-selective inhibitor TGX221 (26)
inhibited phospho-AKT levels only in PTEN-deficient cells (Fig.
S5A), fully consistent with our results using the isoform-selective
inducible shRNAs. Similar results were obtained in a recent study
using the same p110� compound in a panel of breast cancer cell
lines (35). The p110�-specific inhibitor IC87114 (36), however, did
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not impact phospho-AKT levels in any of the lines tested (Fig. S5A).
Furthermore, the combined inactivation of p110� and p110� in PC3
cells did not inhibit phospho-AKT levels (data not shown).

We next addressed whether p110� selective-inhibitor treatment
would result in cell growth inhibition in PTEN-deficient cells. Both
TGX221 and a second p110�-selective inhibitor, TGX256, led to
sustained inactivation of PI3K pathway signaling (Fig. S5C) and
inhibited foci formation in PC3 cells in a dose-dependent manner
(Fig. S5B). Collectively, these findings further demonstrate that
p110� is both necessary and sufficient to sustain PI3K pathway
signaling and proliferation in PTEN-deficient cancer cells.

Inactivation of PIK3CB Inhibits Growth and PI3K Pathway Signaling in
a PTEN-Deficient Tumor Xenograft Model. To determine the func-
tional consequences of PIK3CB inactivation in a tumor setting,
PC3 cells containing the inducible shRNA targeting PIK3CB
were implanted into nude mice. As described earlier, tumors
were allowed to reach at least 100 mm3 before administration of
either doxycycline or vehicle control by oral gavage. Tumor
volume was measured over the 14 days of doxycycline treatment.
Consistent with our cell-based studies, inactivation of PIK3CB
resulted in significant tumor growth inhibition (T/C � 49%, P �
0.05) (Fig. 6A). To confirm successful target gene knockdown,

representative tumor samples harvested from mice at the end of
the study were analyzed by Western blot. Both the targeted
protein, p110�, and its downstream effectors, phospho-AKT,
phospho-PRAS40, phospho-S6, and phospho-GSK3�, were sup-
pressed in doxycycline-treated but not in vehicle-treated tumor
xenografts (Fig. 6B). Taken together, these findings strongly
indicate that p110� is the critical PI3K isoform driving PI3K
pathway activation and abnormal proliferation in PTEN-
deficient tumors.

Discussion
The PI3K signaling pathway is one of the most frequently activated
pathways in cancers (37). PIK3CA gain-of-function or PTEN
loss-of-function mutations are the most frequent genetic alterations
in this pathway. In this study we set out to determine which PI3K
isoforms are most critical for growth and pathway signaling in
cancer cells containing these different genetic lesions. Consistent
with the analysis of somatic PIK3CA knockout cell lines (31), we
found that depletion of PIK3CA using an inducible shRNA leads to
a marked decrease in the phosphorylation of key p110� down-
stream targets and inhibits proliferation of the PIK3CA mutant
colorectal cancer cell lines HCT116 and DLD1. In addition,
PIK3CA knockdown also led to a dramatic reduction in down-
stream PI3K signaling and tumor growth inhibition in an in vivo
PIK3CA mutant xenograft model. The inducible nature of our
shRNA system allowed us to expand on previous work by demon-
strating that PI3K signaling is important not only for the initiation
but also for the maintenance of established colorectal tumor
xenografts. Together, our in vivo results further validate p110� as
a promising therapeutic target in PIK3CA mutant cancers.

The clinical observation that PIK3CA and PTEN mutations
occur in almost all cancers in a mutually exclusive fashion (15–18),
combined with the absence of somatic cancer mutations in PIK3CB
or PIK3CD, provided strong genetic indication that the tumorigenic
effects of PTEN loss may be mediated by p110�. Our study,
however, revealed that knockdown of PIK3CA in PTEN-deficient
cancer cell lines neither alters PI3K signaling nor has an effect on
cell growth and survival. Based on these findings, we would predict
that many PTEN-deficient cancers will not respond to a selective
p110� inhibitor.

Our data clearly demonstrate that p110� is the critical lipid
kinase that drives PI3K pathway activation, cell growth, and survival
in PTEN-deficient cancer cell lines. This unexpected finding raises
many important questions regarding the function of p110 isoforms
in both normal and cancer cells. For instance, given the importance
of p110� in PTEN-deficient cells, it is surprising that p110�, in stark
contrast to p110�, does not seem to be mutated in human cancers
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(9). One possible explanation may be that p110� has significant
activity in the absence of growth factor stimulation. Thus, in the
absence of the PTEN lipid phosphatase activity, the unabated
phosphorylation of PIP2 by p110� would result in aberrant activa-
tion of PI3K downstream effector pathways. In contrast, p110� lipid
kinase activation may have very low basal activity and can be
activated only upon growth factor stimulation. In this model,
mutational activation of the normally inactive p110� would provide
greater selective growth advantage to cancer cells than the incre-
mental activation of an already active p110�. In addition, differ-
ences in the activity of regulatory subunits to control individual
p110-isoform activities may further limit any selective advantages
gained from mutating p110� (38–40).

Although the dependency on p110� for both PI3K pathway
signaling and growth in the panel of PTEN-deficient cell lines
assessed in this study is very striking, it is conceivable that the
requirement for p110� in PTEN-deficient cells is highly dependent
on its genetic context. For example, in rare instances where PTEN
loss-of-function mutations coexist with PIK3CA-activating muta-
tions (19), as is the case in the ovarian cancer cell line A2780,
down-regulation of p110� activity, but not of p110� activity,
resulted in PI3K pathway inactivation and cell growth inhibition
(Fig. S6 A–D). We favor the hypothesis that the 9-nucleotide
deletion spanning the PTEN lipid phosphatase domain observed in
A2780 cells generates a hypomorphic rather than null PTEN
protein. Thus, the partially active PTEN protein allows additional
selective advantage for the acquisition of PIK3CA mutations. In this
setting, PIK3CA-activating mutations may be dominant to inacti-
vating mutations in PTEN. Therefore, we speculate that p110�
dependency may be most penetrant in cancers cells harboring
PTEN-null alleles in the absence of PIK3CA mutations. This

hypothesis remains to be tested in larger cancer cell panels. Taken
together, these findings indicate that the genetic context in which
inactivating mutations in PTEN are found is likely to dictate its
dependency on individual Class IA PI3Ks.

In conclusion, our results have significant implications for the
ongoing and future efforts to discover drugs targeting the PI3K
pathway. Pan-Class IA PI3K inhibitors are expected to have the
broadest clinical utility, because they are expected to retard growth
of both PIK3CA mutant and PTEN-null cancers. However, the
important functions of individual PI3K isoforms in normal tissue
homeostasis raise concerns about dose-limiting on-target side ef-
fects (30). Isoform-selective drugs that target only the relevant
oncogenic PI3K isoform hold great promise for circumventing
unnecessary isoform-derived toxicities and thereby should provide
a larger therapeutic window. In this light, our study provides a
strong rationale for the development of p110�-specific inhibitors
for the treatment of PTEN-deficient cancers. More generally, our
findings further highlight the need to match thoughtfully the
molecular and genetic signature of a particular cancer with the
appropriate anti-PI3K therapy.

Materials and Methods
A detailed description of the Materials and Methods can be found in SI
Materials and Methods.

Note. While this manuscript was under review, Jia, et al. (41) reported that p110b
is essential to the transformed phenotype in a PTEN-null prostate cancer mouse
model.
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