






at 0.1 mmol/L did not inhibit the phosphorylation of AKT or its
direct substrates PRAS40 and GSK3b, but in fact appeared to
stimulate phosphorylation of AKT. This is consistent with relief
of p70S6K-dependent negative feedback of PI3K (2). As
expected, rapamycin significantly decreased pp70S6K and pS6
levels, consistent with its well characterized ability to inhibit
TORC1. None of the compounds had significant effects on
ERK1/2 phosphorylation. The ability of XL147 to inhibit
phosphorylation of key signaling components of the PI3K
pathway was also evident in the presence of 10% serum in
PC-3 and MCF7 cells, although compound potency was
reduced, presumably reflecting compound binding to serum
proteins (Supplementary Table S2). The pharmacodynamic
effects of XL147 were further profiled in additional cell lines
bearing a variety of genetic lesions that activate/modulate PI3K
signaling. These included OVCAR-3 (PIK3CA amplification),
U87-MG (PTEN deletion), A549 (mutationally activated KRAS,
loss-of-function mutation in gene encoding the mTOR-direct-
ed tumor suppressor gene LKB-1), MDA-MB-468 (PTEN dele-
tion), and LS174T (PIK3CA and KRAS mutations) cells. XL147
demonstrated broad activity in these lines with no marked
difference in sensitivity being evident (Supplementary Figs. S3
and S4).

Effects of XL147 on proliferation in a panel of tumor cell lines
In MCF7 and PC-3 cells, XL147 inhibits proliferation (mon-

itored by BrdUrd incorporation) with IC50 values of 9,669
nmol/L and 16,492 nmol/L, respectively. When tested in a
broad panel of tumor cell lines with diverse origins and genetic
backgrounds, XL147 was found to inhibit proliferation with
IC50 values ranging from approximately 1200 nmol/L to
>30,000 nmol/L (Fig. 2 and Supplementary Table S3). In
general, PIK3A-mutant and, to a lesser extent, PTEN-mutant
cell lines tended to be relatively sensitive to XL147, whereas
RAS- or BRAF-mutant cell lines tended to be less sensitive.
Interestingly, several RAS-mutant cell lines were relatively
insensitive to XL147 despite their also harboring PI3CA muta-
tions (Fig. 2 and Supplementary Table S3). The micromolar
IC50 values demonstrated in these experiments may be attrib-
utable in part to the presence of 10% serum in these assays and
the consistently high in vitro plasma protein binding exhibited
by XL147, with 99.9% of this agent bound in mouse, rat, and
human plasma. Similarly, in vivo plasma protein binding,
quantified in plasma samples from mice and rats administered
XL147, showed plasma protein binding of 99.9% and 99.8% at
100 mg/kg dosages. All values were determined by an equi-
librium dialysis method. As discussed previously, the presence
of serum also causes a significant increase in the IC50 values for
XL147 inhibition of AKT and S6 phosphorylation.

Anchorage-independent growth in soft agar is considered the
most stringent assay for detecting malignant transformation of
cells. To further characterize the effects of XL147 on tumor cell
growth, an assay monitoring the anchorage-independent growth
of PC-3 andMCF7 cells in soft agar over a 14-day periodwas used.
XL147 inhibits colony growth with an IC50 of 3,996 nmol/L in
PC-3 cells and 2,730 nmol/L in MCF7 cells. These IC50 values are

Table 2. Effects of XL147 on PIP3 production and AKT and S6 phosphorylation

Cell line
PIP3 IC50

(nmol/L)
pAKT IC50

(nmol/L)a
pS6 IC50

(nmol/L)a

PC-3 220 477 776
MCF7 347 nd nd

Abbreviation: nd, not determined.
aIC50 values determined using ELISA assay.
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Figure 2.
Relative sensitivity of tumor cells to XL147 as a function of genetic status. Cell proliferation IC50 values are presented normalized to that for BT474 (most sensitive cell
line). See Materials and Methods and Supplementary Table S3 for details.
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significantly lower than those required to inhibit growth of the
cells in a monolayer, perhaps indicating an increased reliance on
PI3K pathway signaling for growth in three dimensions.

To rule out direct cytotoxic effects of XL147 on tumor cells, its
effects on cell viability were determined by bioluminescent mea-
surement of cellular ATP. XL147 did not reduce ATP levels when
incubated for 24 hours, indicating a lack of cytotoxicity (Supple-
mentary Table S3, footnote). Induction of cytoplasmic caspases-3
and -7 was examined as an indication of apoptosis induction.
XL147 did not affect the activity of these caspases at the com-
pound doses and time point tested (Supplementary Table S3,
footnote). In MCF7 cells, the antiproliferative effects of XL147
were associated with a specific block in the G1 phase of the cell
cycle and an increase of sub-G1 cell population (Supplementary
Table S4). Therefore, at least in MCF7 cells, the antiproliferative
effects of XL147 in culture do not appear to be due to cytotoxic or
proapoptotic effects, but rather reflect cytostasis.

XL147 inhibits tumor cell migration, invasion, and
angiogenesis

One of the hallmarks of aggressive tumor cells is the ability to
migrate in response to chemotactic stimuli and to invade sur-
rounding tissue. HGF is one of the key stimulators of these
behaviors, and cell lines expressing high levels of theHGF receptor
MET, are highly invasive and metastatic in vivo. Because PI3K
resides in the MET signaling pathway, the ability of XL147 to
inhibit HGF-stimulated migration and invasion was tested using
in vitro assays that measure these behaviors. Murine B16 mela-
noma cells express high levels of MET, which becomes highly
phosphorylated when the cells are treated with HGF. In 10%
serum, B16 cells plated in the top well of a Transwell chamber
containing a barrier with 0.8-mm pores show very little ability
to migrate to the lower chamber side. Addition of HGF to the
lower Transwell chamber greatly increases migration through the

barrier over a 24-hour period (Fig. 3A). XL147 blocked this effect
with an IC50 value of 899nmol/L. Inhibition of cellmigrationwas
observed at a 5-fold lower concentration than that associatedwith
cytotoxicity (IC50 value of XL147 in B16 cells of 4,494 nmol/L).
Therefore, the effects on inhibition ofmelanoma cellmigrationby
XL147 are likely not due to cytotoxicity.

A second assay, the scratch assay, was utilized to test XL147
for activity against PC-3 tumor cell migration stimulated by
EGF (Fig. 3B). In this assay, a cell-free zone was scratched into a
monolayer of tumor cells, and the ability of XL147 to block
EGF-stimulated migration of the cells into the cell—free zone
was determined. In the absence of growth factors, migration of
cells bordering the scratch into the cell-free space is minimal
during the 18-hour time course of the experiment. The addition
of EGF greatly stimulates migration, resulting in a nearly
complete closure of the scratch over the same time course.
XL147 inhibited cellular migration into the cell-free zone in
response to EGF with an IC50 value of 394 nmol/L and exhib-
ited no cytotoxicity (IC50 > 3,333 nmol/L).

PI3K plays an important role in angiogenesis as a central
mediator of signaling downstream of angiogenic RTKs (18, 19).
Endothelial tube formation was assayed to test the effect of
XL147 in an in vitro model that reflects endothelial cell mor-
phogenesis, a function thought to contribute to angiogenesis in
vivo. When plated on a confluent layer of normal human
diploid fibroblast cells, human microvascular endothelial cells
(HMVEC) form extensive networks of tubules in response to
VEGF over a 7-day period. Tubules are stained and quantitated
using an antibody that recognizes the endothelial cell marker
CD31, as illustrated in Fig. 3C. XL147 inhibited VEGF—
induced tubule formation with an IC50 of 529 nmol/L, similar
to the IC50 value of ZD6474 (646 nmol/L), an inhibitor of
VEGFR2, PDGFRb, FGFR1, and FLT4 that is known to inhibit
angiogenesis (20).

HGF+ HGF+ HGF+ No HGFHGF alone HGF+
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HGF+
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Figure 3.
XL147 inhibits B16 melanoma cell
migration (A), PC-3 cell migration (B),
and VEGF-induced HMVEC tubule
formation (C). Assayswere performed
as previously described (14, 16).
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XL147 strongly inhibits the PI3K pathway in tumor xenograft
models anddisplays robust antitumor activity in tumor-bearing
mice

Lysates of MCF7 xenograft tumors intradermally implanted in
the hind flank of athymic nude mice contain high levels of
constitutively phosphorylated AKT, p70S6K, and S6 proteins. The
ability of XL147 to inhibit this endogenous phosphorylation of
AKT, p70S6K, and S6was examined following a single oral dose of
10, 30, 100, or 300mg/kg. The tumors were harvested 4, 24, or 48
hours postdose and homogenized in lysis buffer. Tumor lysates
from each animal (n ¼ 4) were then pooled for each group and
analyzed for levels of total and phosphorylated AKT, p70S6K, and
S6 by Western immunoblotting (Fig. 4A).

Administration of XL147 caused a dose-dependent decrease
in phosphorylation of AKT, p70S6K, and S6 in the tumors,
reaching a maximum of 81% inhibition of AKT phosphoryla-
tion at 300 mg/kg at 4 hours. The dose–response relationships
derived from the 4-hour time point predict 50% inhibition of
AKT, p70S6K, and S6 phosphorylation at doses of approxi-
mately 100 mg/kg (pAKTT308), 54 mg/kg (pAKTS473), 71 mg/kg
(p-p70S6K), and 103 mg/kg (pS6; Supplementary Fig. S5). The
inhibition of AKT, p70S6K, and S6 phosphorylation in MCF7
tumors following a 100 mg/kg dose of XL147 was maximal at 4
hours, reaching 55% to 75%; however, the level of inhibition

decreased to 8% to 45% by 24 hours, and only minimal or no
inhibition was evident by 48 hours (Fig. 3A). Following a 300
mg/kg dose of XL147, inhibition was also maximal at 4 hours
(65%–81%). However, in contrast with the 100 mg/kg dose,
inhibition at 24 hours (51%–78%) was almost comparable
with that seen at 4 hours, and partial inhibition (25%–51%)
persisted through 48 hours (Fig. 4A).

Similarly, administration of XL147 caused a dose-dependent
decrease of phosphorylation of AKT, p70S6K, and S6 in PC-3
tumors in vivo, reaching a maximum of 74% inhibition of AKT
phosphorylation at 300 mg/kg at 4 hours postdose (Fig. 4B). The
dose–response relationships derived from the 4-hour time
point predict 50% inhibition of AKT, p70S6K, and S6 phosphor-
ylation to occur at doses of 64 mg/kg (pAKTT308), approximately
100 mg/kg (pAKTS473), 95 mg/kg (p-p70S6K), and 99 mg/kg
(pS6; Supplementary Fig. S5). Blood was collected at the same
time that tumor tissue was harvested in both studies, and plasma
concentrations of XL147were assessed (Supplementary Table S5).
On the basis of these data, the plasma concentrations required to
inhibit phosphorylation of AKT, p70S6K, and S6 by 50% in these
tumor models ranged from approximately 90 mmol/L to 180
mmol/L. Hence, XL147 exhibited comparable pharmacodynamic
activity in PIK3CA-mutant MCF7 and PTEN-deficient PC-3 xeno-
graft tumor models.
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Figure 4.
Administration of XL147 inhibits PI3K
pathway signaling in MCF7 and PC-3
tumors. A single dose of XL147 or
vehicle was administered by oral
gavage to MCF7 (A) or PC-3 (B).
Tumorswere resected at the indicated
times postdose and the effects of
XL147 on phosphorylation of AKT,
p70S6K, and S6 were assessed by
Western blotting.
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Multiple tumor models were utilized to explore the efficacy
and potency of repeat-dose XL147 with regard to tumor growth
inhibition in vivo. In addition to the previously described MCF7
and PC-3 models, the antitumor efficacy of XL147 was evalu-
ated in xenograft models, including OVCAR-3 (human ovarian
xenograft tumor model exhibiting PIK3CA amplification), U-87
MG (human glioblastoma xenograft tumor model harboring a
deletion at codon 54 in the gene encoding PTEN, resulting in a
frameshift), A549 (human NSCLC xenograft tumor model
harboring a homozygous activating mutation in KRAS and
a homozygous loss-of-function mutation in LKB1), Calu-6
(human NSCLC harboring mutationally activated KRAS
Q61K), A2058 (PTEN-deficient human malignant melanoma
harboring a homozygous V600E activating mutation in BRAF),
and WM-266-4 (PTEN-deficient human malignant melanoma
harboring a heterozygous V600D activating mutation in
BRAF).

XL147 exhibited significant antitumor efficacy in vivo in all of
these models (Figs. 5 and 6; and Supplementary Table S6) at
doses that proved well tolerated as assessed by daily monitor-
ing of mouse weights (Supplementary Fig. S6). The most
efficacious once daily dose assessed was 100 mg/kg, suggesting
that sustained pathway inhibition is required for maximal
efficacy. This dose generally resulted in stasis or near-stasis of
tumor growth, except in the case of the tumors harboring KRAS
or BRAF mutations where tumors generally continued to grow
although at a reduced rate (Fig. 6 and Supplementary Table S6).
IHC analysis of MCF7 tumors collected at the end of the dosing
period revealed significant, dose-dependent decreases in stain-
ing for Ki-67, a marker of cell proliferation (Table 3). Similarly,
administration of XL147 at 100 mg/kg once daily for 2 weeks
resulted in a 51% decrease in Ki-67 staining in PC-3 tumors.
Moreover, decreased tumor vascularization was also observed
in MCF7, PC-3, and Calu-6 tumors (Table 3 and Fig. 6). Thus,
inhibition of PI3K by XL147 results in an antiproliferative
effect, as well as a modest antivascular effect in xenograft
tumors. In PC-3 and Calu-6 tumors, there was also evidence
for increased apoptosis as judged by TUNEL staining (Fig. 6)
although the absolute percentage of TUNEL-positive tumor
cells remained small, suggesting that increased apoptosis was
not a significant contributor to antitumor efficacy. Plasma
concentrations at the end of these efficacy studies were higher
than those evident following single-dose administration, pre-
sumably reflecting accumulation. For example, in the MCF7
efficacy study, average plasma concentrations for XL147 admin-
istered at the 100 mg dose were 233, 329, and 112 mmol/L at
the 1-, 4, and 24-hour time points, respectively (n ¼ 3 per time
point), compared with 179 and 86 mmol/L for the 4- and 24-
hour time points for the same dose in the single dose MCF7
pharmacodynamic study shown in Fig. 4A (Supplementary
Table S5).

In addition to its antitumor efficacy as monotherapy, XL147
potentiated the antitumor efficacy of the cytotoxic agents
paclitaxel and carboplatin (Fig. 6). When XL147 was com-
bined with paclitaxel or carboplatin, apoptosis was induced to
an extent greater than that seen for either agent alone while
there was also an enhanced reduction in tumor angiogenesis
evident (Fig. 6). It is noteworthy that XL147 administered in
these combinations proved generally well tolerated as assessed
by daily monitoring of mouse body weights (Supplementary
Fig. S6).

Discussion
To date, three PI3K pathway inhibitors have been approved by

FDA for the treatment of cancer. These include the rapamycin
analogs TORISEL (temsirolimus; Pfizer) for patients with
advanced renal cell carcinoma (RCC) and Afinitor (everolimus;
Novartis) for the treatment of patients with advanced RCC after
failure of treatment with sunitinib or sorafenib, and for advanced
estrogen receptor-positive breast cancer after failure of treatment
with a nonsteroidal aromatase inhibitor. However, the efficacy of
these agents may be limited by the fact that mTORC1 inhibition
enhances tumor cell survival by upregulating PI3K/AKT signaling
via inhibition of a mTORC1-dependent negative feedback loop
acting through PI3K (2). In contrast, inhibition of PI3K offers the
potential for concerted inhibition of both PI3K and mTORC1,
while obviating this feedback loop. The PI3Kd-specific inhibitor
idelalisib has been approved by FDA for administration in com-
bination with rituximab for patients with relapsed chronic lym-
phocytic leukemia for whom rituximab alone would be consid-
ered appropriate therapy, and as monotherapy for patients with
relapsed follicular B-cell non-Hodgkin lymphoma and small
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XL147 administration results in tumor growth inhibition and/or regression
of established xenograft tumors. MCF7 or OVCAR-3 xenograft tumors
were implanted. When tumors reached approximately 100 mg in size,
administration of vehicle or XL147 was initiated at the indicated doses and
regimens. Data points represent the mean � SE for each treatment group
(n ¼ 9–10).
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lymphocytic lymphoma who have received at least two prior
systemic therapies, but selective inhibition of PI3Kd has limited
impact in solid tumor types.

The results detailed above demonstrate that XL147
(SAR245408) is a potent and selective inhibitor of class I PI3Ks.
In cellular assays, treatment with XL147 inhibits phosphorylation
of proteins downstream of PI3K, including AKT and ribosomal
protein S6, in multiple tumor cell lines with diverse molecular
alterations impacting the PI3K pathway. In a broad panel of
tumor cell lines, XL147 inhibits proliferation with a wide range

of potencies, which appeared to be influenced by genetic back-
ground. In human xenograft tumormodels in athymic nudemice,
oral (PO) administration of XL147 results in dose-dependent
inhibition of PI3K pathway components with a duration of action
of approximately 24 hours. On repeat dosing, XL147 shows
significant tumor growth inhibition inmultiple human xenograft
models at well-tolerated doses. When administered in combina-
tion with cytotoxic chemotherapy, XL147 showed antitumor
efficacy which was enhanced over that seen with the correspond-
ing monotherapies.
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XL147 administration potentiates the antitumor efficacy of paclitaxel or carboplatin. PC-3 or Calu-6 xenograft tumors were implanted. When tumors reached
approximately 100 mg in size administration of vehicle or the indicated agents was initiated at the indicated doses and regimens. Data points represent the
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Amajor cause of PI3Ka activation in human tumors is gain-of-
function mutations in PIK3CA, particularly in exons 9 and 20,
which encode the helical and kinase domains of the p110a
catalytic subunit of PI3K (3). Molecular alterations directly affect-
ing PI3KB are rare in human cancer (1), but PI3Kb is considered to
be the major driver of dysregulated PI3K pathway activity asso-
ciated with PTEN deficiency, although PI3Ka may be the more
important isoform in PTEN-deficient tumors where p110a is
concurrently activated by mutated RAS (11). Hence, concerted
inhibition of PI3Ka andPI3Kb is likely desirable in termsof broad
potential utility in treating solid tumors. In biochemical assays,
XL147 appears to be more potent against PI3Ka than against
PI3Kb (Table 1). However, in cellular assays, XL147 shows com-
parable activity versus PI3K pathway signaling in MCF7 breast
(PIK3CAmutant) and PC-3 prostate (PTEN-deleted) tumor cells.
Moreover, XL147 showed comparably pharmacodynamic activity
against these cell lines when they were grown as xenograft tumors
in mice. These data demonstrate that XL147 exhibits functionally
equivalent activity against PI3Ka and PI3Kb in cultured cells and
preclinical tumor models.

XL147 exhibited a wide range of antiproliferative activity
against tumor cells grown as monolayers. In MCF7 cells, these
effects were associated with a G1 arrest, but not with acute
cytotoxicity or induction of apoptosis. There was a trend suggest-
ing enhanced sensitivity of cells exhibiting PIK3CA mutations to
XL147, consistent with similar observations previously reported
for the PI3K inhibitors GDC-0941 and CH5132799 (21, 22).
Likewise, the relative insensitivity ofRAS-mutant cell lines, regard-
less of PIK3CA status, to inhibition of proliferation by XL147 is
consistent with preclinical observations with other PI3K pathway
targeting agents (23).

When administered asmonotherapy, XL147 showed efficacy in
models with diverse genetic lesions activating the PI3K pathway,
specifically a PIK3CA E545K mutation (MCF7), PIK3CA ampli-
fication (OVCAR-3), PTEN deletion/deficiency (PC-3, U-87 MG,
A2058, WM-266-4), KRAS mutation (A549 and Calu-6), and
LKB1 mutation (A549). The fact that efficacy was observed in all
these models suggests that XL147 may have broad utility in
tumors with activation of the PI3K pathway. It is intriguing that,
of these models, XL147 appeared to be least efficacious against
Calu-6, a KRAS-mutant tumor lacking detectable genetic altera-
tions in PIK3A, PTEN, or LKB-1. On the basis of IHC/IF analyses,
efficacy across models was likely mediated by a combination of
antiproliferative and antiangiogenic effects (Table 3 and Fig. 6).
The plasma concentrations associated with pharmacodynamic
activity and antitumor efficacy in mice are comparable with
plasma concentrations associated with PI3K pathway inhibition
in a single-agent phase I clinical study (compare Supplementary
Table S5 with clinical pharmacokinetics summarized in ref. 24).

Hence, XL147 pharmacokinetics and pharmacodynamic activities
appear to translate well between mice and humans.

On the basis of the xenograft data presented here, and the
clinical experience gained thus far with XL147 and other PI3K
inhibitors in clinical development, it is not yet clear whether
the presence of PIK3CA mutations or PTEN deficiency will be
predictive of greater clinical responsiveness. In a single-agent
phase I study, robust pharmacodynamic activity across diverse
tumors was evident regardless of mutational status. For exam-
ple, PI3K pathway inhibition was roughly comparable in a
tongue squamous cell carcinoma harboring a PIK3CA E545K
mutation with that seen in tumors lacking detectable PI3K
pathway alterations (24). Moreover, in that study, a partial
response was evident in a patient with non–small cell lung
cancer, although no mutations affecting the PI3K pathway were
detected in archival tumor tissue from the patient (24). It is also
not yet clear whether the presence of PIK3CA mutations or
PTEN deficiency will be predictive of greater clinical respon-
siveness to PI3K pathway inhibitors in general, although an
analysis based on combining the results of multiple early-stage
trials suggested that PIK3CA H1047R mutations are associated
with response (25).

The ability of XL147 to be combined with cytotoxic agents in
preclinical tumor models at well-tolerated doses is promising
and consistent with encouraging early results in XL147-003, a
single-arm, open-label, dose-escalation study of XL147 in com-
bination with paclitaxel and carboplatin in subjects with refrac-
tory solid tumors (ref. 26; NCT00756847). Moreover, the
enhanced efficacy evident when XL147 is combined with tras-
tuzumab or lapatinib in mouse models (27, 28) provides
strong support for exploring combinations of XL147 with RTK
inhibitors. These and similar data provide a rationale support-
ing clinical studies where XL147 is combined with other tar-
geted or cytotoxic agents (e.g., NCT01042925, NCT01082068,
and NCT00692640).
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