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ABSTRACT: Compelling molecular biology publications have
reported the implication of phosphoinositide kinase PI3Kβ in
PTEN-deficient cell line growth and proliferation. These findings
supported a scientific rationale for the development of PI3Kβ-
specific inhibitors for the treatment of PTEN-deficient cancers.
This paper describes the discovery of 2-[2-(2,3-dihydro-indol-1-yl)-
2-oxo-ethyl]-6-morpholin-4-yl-3H-pyrimidin-4-one (7) and the
optimization of this new series of active and selective pyrimidone
indoline amide PI3Kβ inhibitors. 2-[2-(2-Methyl-2,3-dihydro-
indol-1-yl)-2-oxo-ethyl]-6-morpholin-4-yl-3H-pyrimidin-4-
one (28), identified following a carefully designed methyl scan,
displayed improved physicochemical and in vitro pharmacokinetic
properties. Structural biology efforts enabled the acquisition of the
first X-ray cocrystal structure of p110β with the selective inhibitor
compound 28 bound to the ATP site. The nonplanar binding mode described herein is consistent with observed structure−activity
relationship for the series. Compound 28 demonstrated significant in vivo activity in a UACC-62 xenograft model in mice, warranting
further preclinical investigation. Following successful development, compound 28 entered phase I/Ib clinical trial in patients with
advanced cancer.

■ INTRODUCTION

The phosphoinositide 3-kinase (PI3K) family of phospholipid
kinases is divided into three classes (I, II, and III), based on
structural characteristics and substrate preferences.1 Class II
and class III phospholipid kinases are composed, respectively,
of PI3KC2α, PI3KC2β, and PI3KC2γ and PIK3C3 also known
as VPS34.1 The closest kinase analogues in terms of sequence
evolution are the class IV PI3K-related protein kinases known
as ataxia telangiectasia mutated (ATM), ataxia telangiectasia
and Rad3 related (ATR), mammalian target of rapamycin
(mTOR) and DNA-dependent protein kinase (DNA-PK).2

The best characterized class I PI3Ks phosphorylate the phos-
phatidylinositol-4,5-bisphosphate (PIP2) on the 3-position to
yield the second messenger phosphatidylinositol-3,4,5-trisphosphate
(PIP3), which activates the downstream Akt pathway.3 Class I is
further classified into class IA, including PI3Kα, β, and δ, activated
by RTKs, G-protein-coupled receptors (GPCRs), and rat sarcoma

(RAS), and class IB, consisting of PI3Kγ, regulated exclusively by
GPCRs.3 Class IA PI3K involved in human cancers are heterodimer
enzymes composed of a p85 regulatory subunit and a p110 catalytic
subunit harboring the kinase domain.4 The p110α, β, and δ sub-
units are encoded by PIK3CA, PIK3CB, and PIK3CD genes,
respectively.1

PIP3 recruits phosphoinositide-dependent kinase-1 (PDK1)
and protein kinase B (PKB or Akt) to the cell membrane through
binding to pleckstrin homology (PH) domain, bringing both
kinases in close proximity. PDK1 phosphorylates first Akt on
Thr308 followed by mTORC2 on Ser473 leading to full Akt
activation and upregulation of downstream effectors triggering
cell growth and survival.3−5
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Abnormal PI3K pathway activation plays a major role in
cancer, either as a result of RTK activation or somatic muta-
tions of major components of the pathway, including activating
point mutations and amplification of the PIK3CA gene, as well
as loss of negative regulatory proteins such as phosphatase and
tensin homologue (PTEN). Most of the PI3K inhibitors currently
in clinical development inhibit all class I PI3K isoforms. However,
several recent reports support the clinical development of isoform-
specific inhibitors.6,7

While PI3Kα specific inhibitors are predicted to inhibit growth
of tumors with PIK3CA mutations, PTEN-deficient tumors have
been shown to depend on PI3Kβ activity.8,9 Furthermore, isoform-
specific PI3K inhibitors may exhibit improved safety profiles
compared with pan-PI3K inhibitors and pending structure-
related pharmacological properties could be combined with
other targeted therapies or standard of care agents. In recent
years, few publications have emerged describing the identi-
fication of new PI3Kβ inhibitors to treat PTEN-deficient
cancers, obtained from a pharmacophore-directed design10 or
TGX-221 rescaffolding.11−16 This paper describes the discovery
of PI3Kβ selective small molecular mass pyrimidone indoline
amide inhibitors and their optimization toward a clinical
candidate. Especially, emphasis has been directed at solubility
improvement through a methyl scan approach based on crystal
packing disruption. Herein is disclosed the X-ray structure of
the candidate compound bound to PI3Kβ at 2.8 Å resolution
and its characterization in PTEN-deficient in vitro and in vivo
tumor cell models.

■ LEAD DISCOVERY AND OPTIMIZATION

Compound 517 (Figure 1) was identified following a high
throughput screening, and the investigation and limitation of

close anilide analogues was reported in a recent publication.18

Optimization of benzimidazole and benzoxazole derivatives
was previously published, and compound 6 was used as a tool
compound for in vivo efficacy studies in a PTEN-deleted PC3
xenograft mice model.19 During the optimization phase of
compound 5, aniline replacement by secondary amines was
investigated, and the indoline amide 7 displayed very potent
inhibition of PI3Kβ (IC50 = 460 nM, 4 nM, 28 nM, and
>10 μM on PI3Kα, β, δ, and γ, respectively), with a high LE20 =
0.46 for PI3Kβ. With this promising result in hand, a thorough
investigation of indoline substitutions was initiated in order to
identify a compound with drug-like properties.

To guide program optimization, compound 7 was docked

in a PI3Kβ homology model, built from publicly available

structures as described in a previous publication19 (See Figure 2).

Cellular Akt phosphorylation was determined in PTEN-
deleted PC3 prostate cancer cell line, measuring pAkt-S473
inhibition. Table 1 shows the biochemical and cellular activities
obtained with the reference compounds (TGX-22121 and 6)19

and the different substituted pyrimidone indoline amides, com-
pounds 7−29. All these compounds displayed IC50 on mTOR
above 10 μM (data not shown).
Docking of this series in the ATP pocket of the PI3Kβ

homology model predicted steric hindrance at aryl positions
C-6 and C-7 of the indoline (Figure 2) and chemical modification
focused at C-5 and mainly at C-4. Position C-5 tolerated only
small groups such as fluorine (compound 8). Introduction of a
chlorine (compound 9) resulted in a 20-fold decrease in
activity. As suggested by modeling, C-4 was more amenable to
various substitutions. Introduction of halogens such as fluorine
(compound 10), chlorine (compound 11), and bromine (com-
pound 12) led to the most potent compounds with activity
reaching 1 nM in biochemical (compound 11) or cellular
(compound 12) assays. Introduction of a methyl (compound
13), provided a binding activity comparable to compound 10,
and replacement with a more electron-donating methoxy group
(compound 14) or an electron-withdrawing group such as
trifuoromethyl (compound 15) did not improve inhibitory
activity. Introduction of the OCF3 group (compound 16),
which has both electron-withdrawing ability and lipophilicity
close to a halogen,22 did not improve activity. To investigate
further the space available at this position, a phenyl (compound
17) was introduced, which retained most of the activity, and
thus, heterocycles were investigated to modulate physicochem-
ical properties. To improve solubility, the ortho-, meta-, and
para-pyridines (compounds 18, 19, and 20, respectively) were
introduced, and all retained some biochemical activity, but the
most active para-pyridine lost almost 10-fold cellular potency.

Figure 1. Structures of representative examples of PI3Kβ inhibitors.

Figure 2. Proposed binding of pyrimidone indoline amide 7 in PI3Kβ
showing the favorable (green arrows, positions 3 and 4), tolerated
(orange arrows, positions 2 and 5), and detrimental (red arrows,
positions 6 and 7) sites for substitution on the indoline. Tools in the
Schrödinger molecular modeling suite (Maestro, version 9.0;
Schrödinger, LLC, New York, NY, 2007) were used to create
homology models (Prime) of PI3Kβ, prepare ligands (LigPrep), and
perform ligand docking and scoring (Glide). PDB access codes for
template structures used in homology modeling: 4G11 and 2WXF.
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Table 1. Biochemical and Cellular Activity of Reference Compound TGX-221, Benzimidazole 6, and Pyrimidone Indoline
Amides 7−29
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Further substitution with six-membered aliphatic heterocycles
such as the directly linked methylpiperidine (compound 21)
or branched methylpiperidine (compound 22) led to a 40-fold
loss of PI3Kβ activity and to a gain of up to 9-fold in PI3Kδ
activity compared with compound 17. The reverse selectivity
observed for compounds 21 and especially 22 (>100-fold
selectivity in favor of PI3Kδ) is most likely due to the presence
of a lysine (Lys771) in the P-loop of PI3Kβ, replacing a threonine
(Thr750) at the equivalent position in PI3Kδ. This lysine or
threonine residue is located close to the substituent at C-4 of
the indoline moiety of the bound inhibitor. The small threonine
side chain in PI3Kδ would allow binding of the bulky and
positively charged moieties in compounds 21 and 22, while the
large and positively charged lysine side chain in PI3Kβ would
be detrimental to binding. This observation was general for all
solubilizing amines introduced at that position, and other
approaches to improve solubility were sought.
One physicochemical limitation identified within this series

was the poor aqueous solubility23 of the core scaffold exemplified
with compound 7 (Table 1), leading to major formulation issues.
Considering the low molecular mass and cLogP of these com-
pounds, strong crystal packing with intermolecular hydrogen
bonding was suspected to contribute to the observed limited
aqueous solubility. The high melting point measured for compound
7 (mp 285 °C) was in agreement with this working hypothesis.24

The X-ray crystal structure of compound 7 was solved from
single diffraction data. Crystal packing analysis shows a rich
intermolecular interaction pattern; this results in an energeti-
cally strong crystal packing as reflected by the high melting
point. Indeed pairs of centrosymmetrically related molecules form
strong planar hydrogen-bonded dimers through donor−acceptor

N−H···O contacts of 2.74 Å between pyrimidone moieties.
Closely interconnected both by indoline π-stacking and
indoline/morpholine C−H···π interactions, dimers form
layers parallel to the {101} plane (see Figure 3). Finally to
build the three-dimensional structure of the crystal, {101}
close-packed layers are staggered to maximize van der Waals
interactions mainly between indoline and also morpholine moieties.
Crystallographic study of compound 7 confirmed a strong

π−π interaction between the indoline rings and an extended
network of head-to-tail hydrogen bonding (Figure 3). It was
postulated that improved water solubility could be obtained
through disruption of the crystal packing via the introduction of
a methyl group25 at positions selected according to the model
(Figure 2). This limited methyl scan was performed at position
R1 (see Table 1) to break the hydrogen bond network and at
positions R2 and R3 to prevent π−π hydrophobic interactions.
Compared with compound 7, it was found that the introduc-

tion of a N-methyl on the pyrimidone ring at position R1 (com-
pound 23) had a limited effect on solubility (achieving only a
3-fold increase) whereas activity dropped by 10-fold (Table 1).
This result is similar to the one previously reported for the
benzimidazole series.19 This drop in potency suggested that
polar groups interacting with the residues Asp931 or Lys799
in PI3Kβ would be preferred at this position. Mono methyl
substitution at position R2 (compound 24) led to a remarkable
100-fold gain in solubility while retaining activity. The achiral
gem-dimethyl substitution (compound 25) led to a disappoint-
ing 4-fold gain in solubility and to a 25-fold loss in activity.
At position R3, the mono methyl (compound 26) had no effect
on solubility compared with compound 7, while the achiral
gem-dimethyl (compound 27) showed a modest 4-fold increase,

Table 1. continued

aIC50 values are reported as the mean from at least two independent experiments. See Experimental Methods for assay details. bpAkt-S473 inhibition
in PC3 cell line. cCompounds 24 and 26 are racemates.
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both compounds displaying similar biological activities. Owing
to structure related promising solubility, racemic compound 24
was separated into its two enantiomers. The (R)-isomer (29)
retained the full PI3Kβ activity at the expense of the PI3Kδ selec-
tivity, whereas the (S)-isomer (28) lost some activity on PI3Kβ
but retained selectivity toward PI3Kδ. The solubilities observed
for the racemic compound 24 and the enantiomers 28 and 29
are in a range of a factor 3.26 The improved solubility of com-
pound 28 (928 μM) compared with compound 7 (12 μM) could
be explained by a drastic change in intermolecular interaction. Fol-
lowing this encouraging result, the 2-methyl was introduced on the
indoline of all potent compounds to improve solubility; this
resulted in, as expected, the identification of new potent and
soluble compounds, but all presented metabolic issues and none
were further developed.
Confirmation of compound 28’s absolute configuration was

attributed from synthesis via (S)-2-methyl indoline coupling

(results not shown) and crystallographic studies in complex
with PI3Kβ (see Figure 6).
When biochemical PI3Kβ activities and cellular pAkt-S473

inhibition potencies were compared in Table 1, there appeared
to be an overall consistency in data relationship. Plotting
the biochemical activity on PI3Kβ (pIC50) against the cellular
potency on pAkt (pIC50), a trend for correlation (r2 = 0.674,
see Figure 4) was observed suggesting an overall acceptable
cellular permeability.
The in vitro ADME properties of a selected number of com-

pounds (PI3Kβ IC50 < 100 nM) was further investigated (Table 2).
All selected compounds had molecular mass below 450 and

ClogP below 3; polar surface area (PSA) was below 140 Å2.
Permeability measurements in CaCo2 cell line TC7 clone27

were found to be variable and uncorrelated to PSA or cLogP.28

For example, compounds 9 and 11, differing only by the
position of the chlorine atom and hence having identical mass

Figure 3. Crystal structure of compound 7. The {101} compound 7 dimer layer showing a rich and energetically strong intermolecular interaction
pattern: H-bonding cyclic dimer, π-stacking, and C−H···π interactions (carbon atom, gray; nitrogen atom, blue; oxygen atom, red; hydrogen atoms
are omitted for clarity). See Table 8 for crystal data, structure refinement, and CCDC code.
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and PSA and similar cLogP, presented a 6-fold ratio in
permeability. It is noteworthy to mention that compound 23
had superior permeability to compound 7, which was general
for most N-methyl pyrimidones synthesized (results not
shown), in agreement with the general rule of thumb stipulating
that minimizing hydrogen bond counts is beneficial for
permeability.29 Further transport assessment in both apical to
basolateral (A-B) and basolateral to apical (B-A) directions
across the cell monolayer enabled the determination of the
efflux ratio, which was found to be higher (>10) for most of the
N-H pyrimidones and lower (<5) for the N-Me pyrimidones.
Overall it was observed that restricted permeability was linked
to efflux activity, most likely due to P-gp. For pyridine
compounds 19 and 20, low permeability was attributed to a
high efflux, since log D and pKa values were 1.99 and in the

range of 4.5−4.7, respectively, in agreement with potentially
high intrinsic passive permeability.30,31 Metabolic lability was
low for unsubstituted or halogenated indoline but higher when
substituted with alkyl, alkoxy, or aryl groups. Surprisingly,
although the CF3 derivative 15 displayed the expected pro-
tecting effect compared with the methyl analogue 13, the OCF3
derivative 16 lacked the anticipated effect over the methoxy
analogue 14 on human liver microsomes, being even worse
than the chloro derivative 11 on mouse liver microsomes.22 As
illustrated in the “heat map” type representation (Figure 5), all
selected compounds had good on target modulation activities.
Aqueous solubility was limited for most of the compounds,
but permeability on the other hand was generally acceptable.

Figure 4. PI3Kβ biochemistry pIC50 and pAkt-S473 cellular pIC50
correlation for compounds 7−29.

Table 2. In Vitro and Calculated Properties of Active Compounds 7−20, 23, and 26−29

compd MW
PI3Kβ

IC50 (nM)
pAkta

IC50 (nM) cLogP
PSA
(Å2)

solubility,
pH 7.4 (μM)

CaCo2 Papp
(nm/s)

MLMb %
lability

HLMc %
lability

rhCYP3A4d

IC50 (μM)

7 340 4 15 1.2 74 12 59 21 12 40
8 358 4 7 1.2 74 31 30 14 18 40
9 375 79 124 1.2 74 3 14 36 34 40
10 358 6 5 0.6 74 14 54 9 19 40
11 375 1 3 1.6 74 5 88 27 18 40
12 419 6 1 2.1 74 2 42 22 24 40
13 354 5 3 1.5 74 3 74 60 32
14 370 41 60 1.6 83 5 6 70 0 40
15 408 10 9 2.6 74 12 46 13 24 40
16 424 33 54 2.7 83 12 41 44 48 40
17 416 8 24 3.2 74 71 25 40 40
18 417 98 66 2.0 87 110 42 40 36 11
19 417 17 53 1.9 87 60 8 49 29 40
20 417 10 94 1.8 87 69 4 44 43 31
23 354 48 20 1.1 65 36 83 37 14 40
26 354 22 13 1.7 74 3 75 40 47 40
27 368 17 28 1.1 74 46 40 87 83 40
28 354 23 49 1.5 74 928 48 19 12 40
29 354 6 12 1.7 74 51 52 43 40

apAkt-S473 inhibition in PC3 cell line. bMLM = mouse liver microsome. cHLM = human liver microsome. Compound was incubated for 20 min at
the concentration of 5 μM using a protein concentration of 1 mg/mL. dRecombinant human CYP3A4.

Figure 5. “Heat map” type representation of Table 2 properties with
drug-like selected thresholds: IC50 < 100 nM, solubility > 50 μM,
Caco2 > 20 ms−1, HLM and MLM < 40%, rhCYP > 10 μM (color
coding: green = pass; red = fail; yellow = borderline).

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm401642q | J. Med. Chem. 2014, 57, 903−920908



Human and mouse liver microsome stability values were below
expectations for most of the compounds, but none had
significant rhCYP3A4 inhibitory activity. From this color chart
of in vitro properties, simple visualization identified compound
28 as a stand alone.
On the basis of its physicochemical and in vitro

phamacokinetic properties, compound 28 was selected for
further investigation.
The protein kinase selectivity profile of this compound was

assessed in house against a panel of 192 kinases using a Caliper-
based platform,32 and compound 28 was found inactive up to
10 μM on all protein kinases tested. Similarly, the compound
was found to be inactive against mTOR up to 10 μM and
moderately active (see Table 3) in DNA-PK biochemical assay.

The biological activity observed on VPS34 did not translate in a
cellular assay (IC50 > 10 μM, data not shown).
X-ray Crystal Structure of Compound 28 Bound to

PI3Kβ. As a result of extensive efforts in construct design,
protein expression, and crystallization, diffracting crystals were
successfully obtained of an N-terminal, adaptor binding domain
(ABD) truncated version of mouse p110β (residues 114−
1064). Here is reported for the first time the X-ray structure at
2.8 Å of p110β in complex with compound 28, bound to the
ATP binding site (Figure 6). The overall structure of p110β
is similar (root-mean-square deviation (rmsd) 1.60 Å for
backbone atoms of 114−1064) to the previously published full

length structure of p110β33 (pdb code 2Y3A), with exceptions
for parts of the C2 domain responsible for binding the iSH2
domain of the regulatory subunit (which is absent in our
construct) as well as a few important structural differences in
the vicinity of the bound ligand that will be further described
below. The structure reveals an inhibitor binding mode that is
in good agreement with the binding mode hypothesis used for
pyrimidone optimization. The morpholine and pyrimidinone
moieties bind in a very similar manner to what has previously
been reported for inhibitors in this structural class18,19,34 in
complex with PI3Kγ and PI3Kδ. The morpholine binds to the
hinge region via the main-chain nitrogen of Val848, and the
pyrimidone occupies a central hydrophobic region of the ATP
binding site, sandwiched between Ile797 and Ile930. A water
molecule mediates a hydrogen bond from the pyrimidinone
carbonyl oxygen to Tyr833 at the back of the ATP pocket on
one side and another hydrogen bond to Asp807 in the C-helix.
The overall conformation of the P-loop, and in particular, the
side chains of Met773 and Trp781 are different from the
previously published PI3Kβ structure. Both Met773 and
Trp781 are observed in conformations similar to what has
previously been described for binding of propeller shaped
PI3Kβ and PI3Kδ selective compounds to class I PI3Ks.36−38

In our structure, the Trp781 side chain is flipped and rotated
relative to residue orientation in 2Y3A33 and adopts a con-
formation similar to all other X-ray structures of class I PI3Ks.
The Met773 side chain is pointed away from Trp781, creating a
pocket where the indoline moiety of compound 28 binds,
stacking against the indolyl of Trp781 (Figure 6). The Cβ−ε
atoms of the Lys771 side chain are creating a hydrophobic
surface that forms a continuation of the pocket between
Trp781 and Met773, extending to partly cover the 4-position of
the indoline in compound 28. Docking of compound 28 in the
PI3Kδ structure showed that the pocket in PI3Kδ does not
cover the indoline to the same extent as in PI3Kβ since the

Table 3. Selectivity of Compound 28 on Different
Phospholipid Kinasesa

mTOR DNA-PK PI3KC2α PI3KC2β PI3KC2γ VPS34

>10000 2000 >10000 >1000 3812 183
aIC50 values in nM are reported as the mean from at least two
independent experiments.

Figure 6. Binding of compound 28 to the ATP binding site of p110β. See Table 9 for X-ray data collection and refinement, pdb 4BFR.
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lysine is replaced by a smaller threonine (Thr750) residue in
PI3Kδ. The modeled binding of compound 28 in PI3Kδ was
corroborated by the observed differences in SAR between
PI3Kβ and PI3Kδ described in a previous section for the 4
position of the indoline in this chemical series. The N−H of the
amide in the pyrimidone scaffold is pointing toward a partly
solvent-exposed region lined with Asp931 and Lys799, sup-
porting the hypothesis that small polar groups would be pre-
ferred over a methyl in this position. The (S)-methyl on the
indoline 2 position of compound 28 is well-defined in the
electron density allowing for unambiguous assignment of
the absolute stereochemistry for this compound. The observed
loss of PI3Kδ but not PI3Kβ potency for compound 28
compared with the (R)-isomer (29) or the nonmethylated
analogue (6) is difficult to explain by a simple structural align-
ment since the only residue within close distance (<6 Å) to the
methyl is Met773, which is identical in PI3Kδ (Met752) and
adopts a very similar conformation in compound-bound struc-
tures from this inhibitor class19 compared with the one observed
in PI3Kβ. One of the main goals of the PI3K crystallography
efforts was to understand the structural basis for p110β isoform
specificity35 and to use the information to design more selective
PI3Kβ inhibitors. Even if the PI3K structures and associated SAR
data reported to date allow for a partial understanding of p110-
isoform specificity, important questions related to the underlying
mechanisms of lipid kinase isoform selectivity remain largely
unexplained. From the structure of compound 28 bound to
PI3Kβ, one can observe that the large majority of residues in
close contact with the inhibitor are conserved within the four
p110 isoforms, and there is no specific interaction that could
explain the pronounced affinity of the pyrimidone series and
other propeller shaped compounds for p110β and p110δ
isoforms compared with p110α or p110γ. A recent mutagenesis
study39 showed that the nature of a residue preceding Met773 in
the P-loop has a pivotal role in PI3Kα versus PI3Kβ selectivity.
This residue, which is directed away from the ligand binding site,

is aromatic in PI3Kβ (Tyr772) and PI3Kδ (Phe751), while in
PI3Kα (Ile771) and PI3Kγ (Val803) it is aliphatic. The results of
the mutagenesis study support our observations that the under-
lying mechanisms governing PI3K isoform specificity are
complex and not obvious to understand by a straightforward
analysis of residue identities and positions in close contact with
the bound inhibitors. Structural, biophysical, and in silico anal-
yses are currently being pursued to gain further understanding of
the observed PI3K selectivity. The results of these studies will be
subject of future publications.

In Vivo Studies. Compound 28 was further evaluated in a
pharmacokinetic (PK) study in female Balb/c mice (Table 4).
Pharmacokinetic parameters from the intravenous (iv) route
indicated a plasma clearance of 5.0 L h−1 kg−1 comparable to
hepatic blood flow in this species (5.2 L h−1 kg−1), a Vdss of
1.9 L/kg, and an apparent terminal half-life of T1/2 = 0.87 h.
Following a single oral administration at 10 mg/kg, mean
maximal plasma concentration of compound 28 (848 ng/mL)
was rapidly reached between 15 and 30 min postdosing and
declined with an apparent terminal half-life value assessed at 1.4 h.
The bioavailability of compound 28 was estimated to be over 30%.
With a higher oral dose of 100 mg/kg, plasma exposure was

increased more than dose proportionally (19-fold instead of 10)
and bioavailability rose to 55%. This over dose proportionality
could be explained at least to some extent by the saturation at
higher doses of the P-gp efflux pumps leading to an improved
absorption. From Figure 7, it was inferred that compound plasma
concentration could be maintained above 100 nM for 12 h and
above 1 μM for 5 h. The compound was shown to be moderately
metabolized by CYPs, the main factor governing compound
exposure being the clearance (5.0 L h−1 kg−1), which was most
likely attributed to phase II metabolism. With these results in hand,
it was decided to further evaluate compound 28 in an acute PK/PD
experiment in tumor bearing mice at the dose of 100 mg/kg.
The pharmacodynamic (PD) impact of oral administration of

compound 28 on a downstream pathway biomarker target in

Table 4. Pharmacokinetic Plasma Parameters of Compound 28 in Female SCID Micea

route dose (mg/kg) Co or Cmax (ng/mL) Tmax (h) AUC(o‑inf) (h ng mL−1) Cl (L h−1 kg−1) Vdss (L h−1 kg−1) T1/2 (h) F (%)

iv 3 1870 600 5.0 1 0.87
po 10 848 0.25 610 1.4 30
po 100 8960 0.25 11000 2.5 55

aAfter a single intravenous administration of 3 mg/kg dissolved in ethanol/Tween 80/D5% (5/5/90; v/w/v) or after a single oral administration of
10 or 100 mg/kg dissolved in ethanol/Tween 80/glucose 5% (12.5/12.5/75; v/w/v).

Figure 7. Compound 28 pharmacokinetics at 3 mg/kg iv, 10 mg/kg po, and 100 mg/kg po administrations in mice.
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tumor tissue was assessed through an acute PK/PD experiment
(Figure 8A). The five time points measurements were per-
formed in PTEN-deficient PC3 prostate tumor xenografts in
SCID (severe combined immune deficient) mice, measuring
inhibition of Akt phosphorylation at residues S473 and T308
(data not shown). The 100 mg/kg dose used in this experiment
was the one selected for the PK/PD screening to evaluate com-
pounds. Oral administration of compound 28 revealed sustained
target inhibition (≥50%) of pAkt-S473 for at least 7 h. This
biological effect correlated directly with compound exposure in
plasma (see Figure 8B and Table 5), and no rate-dependent
hysteresis was observed.

The in vivo plasma effective concentration giving 50% PD
modulation (EC50) calculated from different experiments was
estimated at 0.68 μM (Figure 8B) total drug (0.27 μM free
drug), and the EC90 was predicted at 6.12 μM total drug
(2.5 μM free drug), the protein binding being moderate with a
free fraction of approximately 40% in mouse plasma. These
results are in agreement with results obtained on tumor cells in
which IC50 was estimated at 0.05 μM and IC90 at 2 μM.
The antitumor effects of compound 28 were then evaluated

in PTEN-deficient PC3 prostate tumor subcutaneous xeno-
grafts in SCID mice. In this study, tumors were allowed to
reach at least 150 mm3 before treatment, and tumor volume
was measured regularly over the treatment period. Mice were
treated orally with the compound at the higher dose of
150 mg/kg using a bidaily (BID) schedule in order to favor
sustained and potent pathway inhibition, assuming that PI3K
pathway shutdown (with concentrations as close as possible to
the IC90) should be necessary to reach antitumor effect. Even if
the treatment slowed tumor growth, it did not reach statistically
significant efficacy as measured by a ΔT/ΔC of 61% (p = 0.1925
versus control mice) on treatment day 31 (Figure 9). In this study,
treatment with compound 28 induced tumor growth delay at well
tolerated doses, with no sign of toxicity and no body weight loss.

These results recapitulated the published data in which down-
regulation of PIK3CB, using a shRNA in a PC3 model, led to
tumor growth delay but did not to reach statistically significant
efficacy as measured by a ΔT/ΔC of 49%.8

To further investigate on the antitumor potential of com-
pound 28, its efficacy was examined in other PTEN-deficient
tumor indications. Since in melanoma exhibiting PTEN
deficiency and BRAFV600E mutation, PTEN deficiency has been
reported to play a role in the resistance to BRAF inhibitors,40 the
compound was evaluated in UACC-62 melanoma model exhibiting
concomitant BRAFV600E mutation and PTEN loss. Compound
28 was evaluated first in an acute PK/PD experiment in UACC-62
tumor-bearing mice at the dose of 200 mg/kg, in order to
examine whether a higher dose would allow it to shutdown the
PI3Kβ pathway for a longer time period. Oral administration
of compound 28 revealed sustained target inhibition (>50%)
of pAkt-S473 for at least 6 h (concentration at this time was
4.55 μM total drug and 1.82 μM free drug.), but no pathway
inhibition was observed at 16 h. This biological effect correlated
directly with compound exposure in plasma (Figure 10). In the

Figure 8. Effect of compound 28 on pAkt-S473 levels. (A) pAkt-S473 modulation in PC3 xenograft model in SCID mice upon treatment with
100 mg/kg po in solution (percentage of pAkt-S473 versus control on the left Y axis, and plasma concentration [C] in μM log scale on the right Y
axis; time in hours on the X axis). (B) EC50 measured by plotting plasma concentration [C] in μM vs inhibitory effect on pAkt-S473 levels at all time
points.

Figure 9. Compound 28 antitumor activity against human PTEN-
deficient melanoma PC3-bearing SCID female mice. See Experimental
Methods for assay details.

Table 5. PK Exposure from Compound 28 PK/PD Study in
PC3 Mice Xenograft Model

Dose 100 mg/kg po
time (h) 1 4 7 16 24
plasma (μM) 24.9 14.2 0.026 0.076
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UACC-62 tumor cell line assay, compound 28 inhibited pAkt-
S473 with a measured IC50 at 0.06 μM and an estimated IC90
at 2 μM.
The compound was then evaluated for its antitumor effects

in UACC-62 melanoma subcutaneous xenografts in SCID mice.
In this study, tumors were allowed to reach at least 150 mm3

before treatment, and tumor volume was measured regularly
over the treatment period. Mice were treated orally with the
compound at the dose of 150 mg/kg using a bidaily (BID)
schedule in order to favor sustained pathway inhibition and
allow comparison with the study performed in PC3 model.
Compound 28 treatment led to a statistically significant tumor
growth inhibition as measured by a ΔT/ΔC of 39% (p = 0.054
versus control mice) on day 15 post-tumor implantation (Figure 11).

In this study, compound 28 was well tolerated at the active
dose, with no sign of toxicity and no body weight loss.
The results obtained from UACC-62 melanoma and PC3

prostate efficacy studies show that PTEN deficiency appears as
necessary but not sufficient for sensitivity to PI3Kβ pathway
inhibition. Other genetic events (different genetic background
between both models) and the tumor indication may impact
model sensitivity and addiction to PI3Kβ pathway. This is not
unusual and has already been observed for targeted therapy:
for example, the modest clinical activity of BRAF inhibitor
vemurafenib in BRAFV600E metastatic colorectal cancers
compared with that observed in BRAFV600E melanoma patients
suggests important differences in the biology of BRAF mutant
tumors in different cancer types.41,42

Compound 28 was then evaluated in a preliminary
pharmacokinetic (PK) study in female nude rats showing a
bioavailability of 70% (Table 6).
Finally compound 28 was evaluated in a pharmacokinetic

(PK) study in male Beagle dogs showing a bioavailability of
67% (Table 7). The improved pharmacokinetic profile obtained
in dogs (especially AUC) could be due, to some extent, to the
higher stability in microsomes obtained in this species (lability
in dog liver microsome was 5%)
Compound 28 has been found to display antitumor efficacy

in human PTEN-deficient melanoma models in mice as a single
agent. Combination studies43 have been shown to bring a
therapeutic benefit, and the detailed experimental results will be
the subject of a forthcoming paper.
Following these encouraging preliminary in vivo results and

pharmacokinetic properties compound 28 was further
evaluated in preclinical studies involving process development
large scale synthesis and preliminary toxicity studies.

■ CHEMISTRY

The intermediates 1, 2, 3, and 4 have been described pre-
viously.17−19 Compound 1 was efficiently obtained by a one-pot
reaction between morpholine and an excess of commercially
available ethyl 3-amino-3-ethoxyacrylate hydrochloride in the
presence of N,N-diisopropylethylamine (DIPEA) in ethanol
under reflux, as previously reported.17 Compound 1 was
converted into 3 via methylation using methyl iodide in dioxane
in the presence of cesium carbonate at 40 °C under argon. The
two sodium salts 2 and 4 were obtained at room temperature
by saponification of the esters 1 and 3, respectively, in tetra-
hydrofuran with sodium hydroxide. The final compounds
where then obtained via condensation with the appropriate
indoline as depicted in Scheme 1.
Certain indolines were not commercially available and were

prepared by reduction of the corresponding indoles, using
sodium cyanoborohydride in trifluoroacetic acid as described in
Scheme 2.

Figure 10. Effect of compound 28 at 200 mg/kg po on pAKT-S473
expression in tumors from UACC-62 tumor-bearing SCID mice and
plasma exposure after treatment. See Experimental Methods for assay
details.

Figure 11. Compound 28 antitumor activity against human
BRAFV600E/PTEN-deficient melanoma UACC-62-bearing SCID fe-
male mice. See Experimental Methods for assay details.

Table 6. Pharmacokinetic Plasma Parameters of Compound 28 in Female Nude Ratsa

route dose (mg/kg) Co or Cmax (ng/mL) Tmax (h) AUC(o‑inf) (h ng mL−1) Cl (L h−1 kg−1) Vdss (L h−1 kg−1) T1/2 (h) F(%)

iv 3 1200 864 3.4 8.1 0.87
po 10 1460 0.25 2410 6.9 70

aAfter a single intravenous administration of 3 mg/kg in solution in 2.5% ethanol, 7.5% PS80 in glucose 5% and oral administration of 10 mg/kg in
solution in 12.5% ethanol, 12.5% PS80 in glucose 5%, pH 3.
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■ CONCLUSION

A new series of high LE pyrimidone indoline amide PI3Kβ
inhibitors prepared by a new short and efficient synthesis,
utilizing the newly discovered intermediate compound 1, has
been identified.19 Series progression, through SAR analysis,
physicochemical optimization, and in vitro pharmacokinetic
optimization has led to the discovery of potent compounds, but
lacking intrinsic aqueous solubility. Further analysis of
compound 7 and especially X-ray crystal determination has
revealed a strong network of hydrogen bond and hydrophobic
interactions. Disruption of compound 7 crystal packing by
careful introduction of a methyl group at suitable positions
has led to the isolation of the soluble compound 24. Chiral
separation allowed the characterization of both (R)- and (S)-
enantiomers, highlighting two different selectivity profiles. The
(S)-enantiomer, compound 28, was selected as a potent and
soluble PI3Kβ inhibitor, selective versus other protein and lipid
kinases. Compound 28 was also crystallized in PI3Kβ where it
binds to the ATP pocket in an analogous conformation to what
has previously been reported for similar PI3Kβ inhibitors in
PI3Kγ and PI3Kδ.16,17 Although the binding mode observed in
these structures sheds light on important features in the SAR
for the pyrimidone series, the origins of PI3Kβ isoform specificity
remain elusive. X-ray crystal structures and biophysical and in
silico modeling analyses are currently being investigated to gain
further understanding of the observed PI3K selectivity. Com-
pound 28 displayed PK properties in mice warranting

additional evaluation in vivo. It was shown to efficiently inhibit
pAkt-S473 in PTEN-deficient PC3 and UACC-62 tumor
models for at least 6 h at the doses of 100 and 200 mg/kg,
respectively. Pathway modulation translated to antitumor
efficacy with significant activity in particular in BRAFV600E

mutant/PTEN-deficient UACC-62 melanoma model. Comple-
mentary evaluation and especially pharmacokinetic experiments
in dogs have shown that compound 28 was orally absorbed and
deserved further preclinical investigation. In vivo pharmacology
studies of compound 28 as a single agent and in combination in
PTEN-deficient xenograft mice models43 have been recently
presented44,45 and will be the subject of future publications.
Compound 28 (SAR260301) was submitted to preclinical
studies and, following favorable toxicity profile and comfortable
therapeutic index, entered clinical trials phase I/Ib in 2012.

■ EXPERIMENTAL METHODS
Chemistry. The nomenclature of the compounds was carried out

with the ACDLABS software, version 11.01. All solvents and reagents
obtained from commercial sources were used without further
purification. Thin layer chromatography was carried out on Merck
silica gel 60 F254 glass plates. Flash chromatography was performed
using prepacked Merck silica gel cartridges (15−40 μm). The
microwave oven used was a Biotage, InitiatorTM 2.0, 400 W max,
2450 MHz instrument. The 1H NMR spectra at 400 MHz and the 1H
NMR spectra at 500 MHz were performed on a Bruker Avance DRX-
400 or Bruker Avance DPX-500 spectrometer with the chemical shifts
(δ in ppm) in the solvent dimethyl sulfoxide-d6 (d6-DMSO) referenced

Table 7. Pharmacokinetic Plasma Parameters of Compound 28 in Male Beagle Dogsa

route dose (mg/kg) Co or Cmax (ng/mL) Tmax (h) AUC(o‑inf) (h ng mL−1) Cl (L h−1 kg−1) Vdss (L h−1 kg−1) T1/2 (h) F(%)

iv 3 4920 0.5 6580 0.4 >3 >5
po 10 4770 0.5 14 000 4.5 67

aAfter a single intravenous administration of 3 mg/kg in solution in EtOH/solutol/G5 (2.5/7.5/90) and oral administration of 10 mg/kg in solution
in EtOH/solutol/G5 (2.5/7.5/90).

Scheme 1. Synthesis of Compounds 7−29 and Intermediates 1−4a

aReagents and conditions: (a) MeI, Cs2CO3, dioxane under argon, 40 °C, 16 h, 75%; (b) NaOH, THF, rt, 48 h, 100%; (c) EDCI, pyridine, DMF, rt,
16 h, 6−78%.

Scheme 2. Synthesis of Some Intermediate Indolines from the Indoles, 30−31a

aReagents and conditions: (a) NaBH3CN, TFA, 0 °C, 34 h, 20−75%; or NaBH3CN, AcOH, RT, 2 h, 76−80%; see Experimental Methods for
details.
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at 2.5 ppm at a temperature of 303 K, and coupling constants (J) are
given in hertz.
The mass spectra (MS) were obtained by methods A and B.
Method A: Waters UPLC-SQD instrument; ionization, positive or

negative mode electrospray (ES+ and ES−) or both; chromatographic
conditions, column Acquity BEH C18 1.7 μM, 2.1 mm × 50 mm;
solvents (A) H2O (0.1% formic acid), (B) CH3CN (0.1% formic acid);
column temperature 50 °C; flow rate 1 mL/min; gradient (2 min)
from 5% to 50% of B in 0.8 min; 1.2 min 100% of B; 1.85 min 100% of
B; 1.95 min 5% of B; retention time = Tr (min).
Method B: Waters ZQ instrument; ionization, positive or negative

mode electrospray (ES+ or ES−) or both; chromatographic con-
ditions, column XBridge C18 2.5 μM, 3 mm × 50 mm; solvents (A)
H2O (0.1% formic acid), (B) CH3CN (0.1% formic acid); column
temperature 70 °C; flow rate 0.9 mL/min; gradient (7 min) from 5%
to 100%.
Purities for final compounds were measured using UV detection at

220 nm and are ≥95.0%.
2-[2-(2,3-Dihydro-1H-indol-1-yl)-2-oxoethyl]-6-(morpholin-4-yl)-

pyrimidin-4(3H)-one (7). To a solution of 218 (261 mg, 1 mmol) in
4 mL of dimethylformamide were introduced pyridine (0.16 mL,
2 mmol), N-[3-(dimethylamino)propyl]-N′-ethylcarbodiimide hydro-
chloride (EDCI; 0.25 g, 1.3 mmol), and 2,3-dihydro-1H-indole
(238 mg, 2 mmol). The reaction mixture was stirred at ambient tem-
perature for 16 h and then evaporated to dryness under reduced
pressure. Water and ethyl acetate were added, and the resulting
mixture was stirred for 30 min. The precipitate formed was filtered off,
washed with water, diethyl ether, and petroleum ether, and dried to
give 7 (230 mg, 68%) as a pale pink solid, mp >260 °C. 1H NMR (400
MHz): 3.17 (t, J = 8.3 Hz, 2H); 3.41 (m, 4H); 3.60 (m, 4H); 3.75 (s,
2H); 4.14 (t, J = 8.3 Hz, 2H); 5.21 (s, 1H); 7.01 (t, J = 7.6 Hz, 1H);
7.16 (t, J = 7.6 Hz, 1H); 7.25 (d, J = 7.6 Hz, 1H); 8.02 (d, J = 7.6 Hz,
1H); 11.61 (broad s, 1H). Mass spectrometry: method A; Tr (min) =
0.64. [M + H]+ m/z 341. [M − H]− m/z 339.
2-[2-(5-Fluoro-2,3-dihydroindol-1-yl)-2-oxoethyl]-6-morpholin-4-yl-

3H-pyrimidin-4-one (8). By a similar procedure to that described for
the synthesis of 6 using 2 (261 mg, 1 mmol) and 5-fluoro-2,3-dihydro-
1H-indole (274 mg, 2 mmol), 8 (197 mg, 55%) was obtained as a pale
pink powder, mp 264 °C. 1H NMR (400 MHz): 3.18 (t, J = 8.2 Hz,
2H); 3.42 (m, 4H); 3.60 (m, 4H); 3.74 (s, 2H); 4.16 (t, J = 8.2 Hz,
2H); 5.20 (s, 1H); 6.98 (broad t, J = 8.9 Hz, 1H); 7.12 (broad d, J =
8.9 Hz, 1H); 8.00 (dd, J = 5.3 and 8.9 Hz, 1H); 11.61 (broad m, 1H).
Mass spectrometry: method A; Tr (min) = 0.70; [M + H]+ m/z 359;
[M − H]− m/z 357.
2-[2-(5-Chloro-2,3-dihydroindol-1-yl)-2-oxoethyl]-6-morpholin-4-yl-

3H-pyrimidin-4-one (9). By a similar procedure to that described for
the synthesis of 6 using 2 (261 mg, 1 mmol) and 5-chloro-2,3-dihydro-
1H-indole (307 mg, 2 mmol), 9 (255 mg, 71%) was obtained as a
white powder, mp >260 °C. 1H NMR (400 MHz): 3.18 (t, J = 8.3 Hz,
2H); 3.41 (m, 4H); 3.60 (m, 4H); 3.75 (s, 2H); 4.16 (t, J = 8.3 Hz,
2H); 5.20 (s, 1H); 7.21 (broad d, J = 8.6 Hz, 1H); 7.32 (broad s, 1H);
7.99 (d, J = 8.6 Hz, 1H); 11.61 (broad m, 1H). Mass spectrometry:
method B; Tr (min) = 3.42; [M − H]− m/z 373.
2-[2-(4-Fluoro-2,3-dihydro-1H-indol-1-yl)-2-oxoethyl]-6-(mor-

pholin-4-yl)pyrimidin-4(3H)-one (10). By a similar procedure to that
described for the synthesis of 6 using 2 (261 mg, 1 mmol) and
4-fluoro-2,3-dihydro-1H-indole (274 mg, 2 mmol), 10 (250 mg, 70%)
was obtained as a white solid, mp >260 °C. 1H NMR (400 MHz): 3.20
(t, J = 8.4 Hz, 2H); 3.41 (m, 4H); 3.61 (m, 4H); 3.76 (s, 2H); 4.21
(t, J = 8.4 Hz, 2H); 5.21 (s, 1H); 6.86 (t, J = 8.6 Hz, 1H); 7.12 to 7.31
(m, 1H); 7.84 (d, J = 8.1 Hz, 1H); 11.61 (broad s, 1H). Mass
spectrometry: method B; Tr (min) = 3.20; [M + H]+ m/z 359; [M −H]−

m/z 357.
2-[2-(4-Chloro-2,3-dihydro-1H-indol-1-yl)-2-oxoethyl]-6-(mor-

pholin-4-yl)pyrimidin-4(3H)-one (11). By a similar procedure to that
described for the synthesis of 6 using 2 (261 mg, 1 mmol) and 4-
chloro-2,3-dihydro-1H-indole (307 mg, 2 mmol), 11 (247 mg, 66%)
was obtained as a white solid, mp >260 °C. 1H NMR (400 MHz): 3.18
(t, J = 8.4 Hz, 2H); 3.41 (m, 4H); 3.60 (m, 4H); 3.76 (s, 2H); 4.20 (t,
J = 8.4 Hz, 2H); 5.21 (s, 1H); 7.09 (d, J = 8.1 Hz, 1H); 7.22 (t, J = 8.1 Hz,

1H); 7.97 (d, J = 8.1 Hz, 1H); 11.62 (broad s, 1H). Mass spectrometry:
method B; Tr (min) = 3.46; [M + H]+ m/z 375; [M − H]− m/z 373.

2-[2-(4-Bromo-2,3-dihydroindol-1-yl)-2-oxoethyl]-6-morpholin-4-yl-
3H-pyrimidin-4-one (12). By a similar procedure to that described
for the synthesis of 6 using 2 (261 mg, 1 mmol) and 4-bromo-2,3-
dihydro-1H-indole (402 mg, 2 mMol), 12 (303 mg, 72%) was
obtained as a white powder, mp 219 °C. 1H NMR (400 MHz): 3.14 (t,
J = 8.4 Hz, 2H); 3.41 (m, 4H); 3.61 (m, 4H); 3.76 (s, 2H); 4.19 (t, J =
8.4 Hz, 2H); 5.21 (s, 1H); 7.14 (t, J = 8.1 Hz, 1H); 7.23 (broad d, J =
8.1 Hz, 1H); 8.01 (broad d, J = 8.1 Hz, 1H); 11.62 (broad m, 1H).
Mass spectrometry: method A; Tr (min) = 0.88; [M + H]+ m/z 419;
[M − H]− m/z 417.

2-[2-(4-Methyl-2,3-dihydro-1H-indol-1-yl)-2-oxoethyl]-6-(mor-
pholin-4-yl)pyrimidin-4(3H)-one (13). By a similar procedure to that
described for the synthesis of 6 using 2 (261 mg, 1 mmol) and 4-
methyl-2,3-dihydro-1H-indole hydrochloride (339 mg, 2 mmol), 13
(22 mg, 6%) was obtained as a fuchsia crystalline powder, mp
>260 °C. 1H NMR (400 MHz): 2.21 (s, 3H); 3.08 (t, J = 8.3 Hz, 2H);
3.42 (m, 4H); 3.61 (m, 4H); 3.75 (s, 2H); 4.15 (t, J = 8.3 Hz, 2H);
5.20 (s, 1H); 6.85 (d, J = 8.0 Hz, 1H); 7.07 (t, J = 8.0 Hz, 1H); 7.85
(d, J = 8.0 Hz, 1H); 11.62 (broad m, 1H). Mass spectrometry: method
B; Tr (min) = 3.31; [M + H]+ m/z 355; [M − H]− m/z 353.

2-[2-(4-Methoxy-2,3-dihydroindol-1-yl)-2-oxoethyl]-6-morpholin-
4-yl-3H-pyrimidin-4-one (14). By a similar procedure to that
described for the synthesis of 6 using 2 (261 mg, 1 mmol) and 4-
methoxy-2,3-dihydro-1H-indole (308 mg, 2 mMol), 14 (269 mg, 73%)
was obtained as a pink powder, mp >260 °C. 1H NMR (400 MHz):
3.04 (t, J = 8.2 Hz, 2H); 3.41 (m, 4H); 3.61 (m, 4H); 3.74 (s, 2H);
3.79 (s, 3H); 4.14 (t, J = 8.2 Hz, 2H); 5.20 (s, 1H); 6.70 (broad d, J =
7.9 Hz, 1H); 7.15 (t, J = 7.9 Hz, 1H); 7.64 (broad d, J = 7.9 Hz, 1H);
11.61 (broad m, 1H). Mass spectrometry: method A; Tr (min) = 0.75;
[M + H]+ m/z 371; [M − H]− m/z 369.

6-(Morpholin-4-yl)-2-{2-oxo-2-[4-(trifluoromethyl)-2,3-dihydro-
1H-indol-1-yl]ethyl}pyrimidin-4(3H)-one (15). By a similar procedure
to that described for the synthesis of 6 using 2 (977 mg, 3.74 mmol)
and 4-trifluoromethyl-2,3-dihydro-1H-indole (700 mg, 5.1 mmol),
followed by a purification on silica gel (DCM/MeOH, 95/5), 15 (220
mg, 14%) was obtained as a white powder. 1H NMR (400 MHz): 3.27
to 3.45 (m partially masked, 6H); 3.60 (m, 4H); 3.79 (s, 2H); 4.22 (t,
J = 8.6 Hz, 2H); 5.22 (s, 1H); 7.34 (d, J = 8.1 Hz, 1H); 7.41 (t, J = 8.1
Hz, 1H); 8.30 (d, J = 8.1 Hz, 1H); 11.64 (broad m, 1H). Mass spec-
trometry: method A; Tr (min) = 0.82; [M + H]+ m/z 409; [M − H]−

m/z 407.
6-(Morpholin-4-yl)-2-{2-oxo-2-[4-(trifluoromethoxy)-2,3-dihydro-

1H-indol-1 yl]ethyl}pyrimidin-4(3H)-one (16). By a similar procedure
to that described for the synthesis of 6 using 2 (110 mg, 0.42 mmol)
and 4-(trifluoromethoxy)-2,3-dihydro-1H-indole 31a (178 mg, 1.14
mmol), 16 (97 mg, 54%) was obtained as a white powder, mp
>260 °C. 1H NMR (400 MHz): 3.21 (t, J = 8.6 Hz, 2H); 3.41 (m,
4H); 3.60 (m, 4H); 3.77 (s, 2H); 4.22 (t, J = 8.6 Hz, 2H); 5.21 (s,
1H); 7.02 (d, J = 8.1 Hz, 1H); 7.32 (t, J = 8.1 Hz, 1H); 8.02 (d, J = 8.1
Hz, 1H); 11.62 (broad s, 1H). Mass spectrometry: method A; Tr
(min) = 0.85; [M + H]+ m/z 425; [M − H]− m/z 423.

6-(Morpholin-4-yl)-2-[2-oxo-2-(4-phenyl-2,3-dihydro-1H-indol-1-yl)-
ethyl]pyrimidin-4(3H)-one (17). By a similar procedure to that
described for the synthesis of 6 using 2 (250 mg, 0.95 mmol) and
4-phenyl-2,3-dihydro-1H-indole (210 mg, 1.08 mmol), followed by
purification on silica gel (DCM/MeOH, 90/10), 17 (232 mg, 58%)
was obtained as a pink powder, mp 266 °C. 1H NMR (400 MHz):
3.22 (t, J = 8.7 Hz, 2H); 3.42 (m, 4H); 3.61 (m, 4H); 3.78 (s, 2H);
4.14 (t, J = 8.7 Hz, 2H); 5.21 (s, 1H); 7.07 (d, J = 7.8 Hz, 1H); 7.28 (t,
J = 7.8 Hz, 1H); 7.36 to 7.51 (m, 5H); 8.08 (d, J = 7.8 Hz, 1H); 11.62
(broad s, 1H). Mass spectrometry: method A; Tr (min) = 0.89; [M + H]+

m/z 417; [M − H]− m/z 415.
6-(Morpholin-4-yl)-2-{2-oxo-2-[4-(pyridin-2-yl)-2,3-dihydro-1H-

indol-1-yl]ethyl}pyrimidin-4(3H)-one (18). By a similar procedure to
that described for the synthesis of 6 using 2 (27 mg, 0.1 mmol) and
4-pyridin-2-yl-2,3-dihydro-1H-indole (25 mg, 0.13 mmol), 18 (27 mg,
62%) was obtained as a purple solid. 1H NMR (400 MHz): 3.37
to 3.46 (m, J = 5.9 Hz, 6H); 3.61 (m, 4H); 3.79 (broad s, 2H); 4.16
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(t, J = 8.6 Hz, 2H); 5.23 (s, 1H); 7.26 to 7.47 (m, 3H); 7.77 (d, J = 8.3
Hz, 1H); 7.93 (t, J = 8.1 Hz, 1H); 8.16 (d, J = 8.1 Hz, 1H); 8.69 (d, J =
5.6 Hz, 1H); 11.69 (s large, 1H). Mass spectrometry: method A; Tr

(min) = 0.53; [M + H]+ m/z 418; [M − H]− m/z 416.
6-(Morpholin-4-yl)-2-{2-oxo-2-[4-(pyridin-3-yl)-2,3-dihydro-1H-

indol-1-yl]ethyl}pyrimidin-4(3H)-one (19). By a similar procedure to
that described for the synthesis of 6 using 2 (27 mg, 0.1 mmol) and 4-
pyridin-3-yl-2,3-dihydro-1H-indole (25 mg, 0.13 mmol), 19 (31 mg,
78%) was obtained as a pink solid. 1H NMR (400 MHz): 3.25 (t, J =
8.1 Hz, 2H); 3.43 (m, 4H); 3.61 (m, 4H); 3.79 (s, 2H); 4.16 (t, J = 8.4
Hz, 2H); 5.22 (s, 1H); 7.14 (d, J = 7.8 Hz, 1H); 7.33 (t, J = 7.9 Hz,
1H); 7.57 (dd, J = 4.9 and 7.8 Hz, 1H); 8.02 (d, J = 8.1 Hz, 1H); 8.13
(d, J = 8.1 Hz, 1H); 8.63 (dd, J = 1.7 and 4.9 Hz, 1H); 8.76 (dd, J =
0.6 and 1.8 Hz, 1H); 11.65 (broad s, 1H). Mass spectrometry: method
A; Tr (min) = 0.45; [M + H]+ m/z 418; [M − H]− m/z 416.
6-(Morpholin-4-yl)-2-{2-oxo-2-[4-(pyridin-4-yl)-2,3-dihydro-1H-

indol-1-yl]ethyl}pyrimidin-4(3H)-one (20). By a similar procedure to
that described for the synthesis of 6 using 2 (27 mg, 0.1 mmol) and 4-
pyridin-4-yl-2,3-dihydro-1H-indole (25 mg, 0.13), 20 (28 mg, 70%)
was obtained as a pink solid. 1H NMR (400 MHz): 3.27 (masked m,
2H); 3.41 (m, 4H); 3.61 (m, 4H); 3.79 (s, 2H); 4.16 (t, J = 8.4 Hz,
2H); 5.22 (s, 1H); 7.18 (d, J = 7.6 Hz, 1H); 7.35 (t, J = 7.9 Hz, 1H);
7.61 (d, J = 6.4 Hz, 2H); 8.16 (d, J = 8.3 Hz, 1H); 8.69 (d, J = 6.1 Hz,
2H); 11.66 (broad s, 1H). Mass spectrometry: method A; Tr (min) =
0.40; [M + H]+ m/z 418; [M − H]− m/z 416.
2-{2-[4-(4-Methylpiperazin-1-yl)-2,3-dihydro-1H-indol-1-yl]-

2-oxoethyl}-6-(morpholin-4-yl)pyrimidin-4(3H)-one (21). By
a similar procedure to that described for the synthesis of 6 using 2
(288 mg, 1.1 mmol) and 4-(4-methyl-piperazin-1-yl)-2,3-dihydro-1H-
indole 31b (160 mg, 0.73 mmol), followed by purification on silica gel
(DCM/NH3 7 N in MeOH, 90/10), 21 (29 mg, 6%) was obtained as
a white powder. 1H NMR (400 MHz): 2.23 (s, 3H); 2.44 (masked m,
4H); 2.93 (m, 4H); 3.06 (t, J = 8.3 Hz, 2H); 3.43 (m, 4H); 3.60 (m,
4H); 3.74 (s, 2H); 4.11 (t, J = 8.2 Hz, 2H); 5.20 (s, 1H); 6.67 (d, J =
7.6 Hz, 1H); 7.11 (t, J = 8.4 Hz, 1H); 7.71 (d, J = 8.1 Hz, 1H); 11.60
(s, 1H). Mass spectrometry: method A; Tr (min) = 0.36; [M + H]+

m/z 439; [M − H]− m/z 437.
2-(2-{4-[(4-Methylpiperazin-1-yl)methyl]-2,3-dihydro-1H-indol-1-yl}-

2-oxoethyl)-6-(morpholin-4-yl)pyrimidin-4(3H)-one (22). By a similar
procedure to that described for the synthesis of 6 using 2 (410 mg,
1.57 mmol) and 4-(4-methyl-piperazin-1-ylmethyl)-2,3-dihydro-1H-
indole 31c (400 mg, 1.73 mmol), followed by purification on silica gel
(DCM/NH3 7 N in MeOH, 90/10), 22 (120 mg, 17%) was obtained
as a white powder. 1H NMR (300 MHz): 2.14 (s, 3H); 2.24 to 2.41
(m, 8H); 3.17 (t, J = 8.4 Hz, 2H); 3.38 to 3.47 (m, 6H); 3.60 (m, 4H);
3.75 (s, 2H); 4.15 (t, J = 8.1 Hz, 2H); 5.21 (s, 1H); 6.95 (d, J = 7.6 Hz,
1H); 7.12 (t, J = 7.8 Hz, 1H); 7.93 (d, J = 7.8 Hz, 1H); 11.61 (broad s,
1H). Mass spectrometry: method A; Tr (min) = 0.36; [M + H]+ m/z
453; [M − H]− m/z 451.
2-[2-(2,3-Dihydro-1H-indol-1-yl)-2-oxoethyl]-3-methyl-6-(morpholin-

4-yl)pyrimidin-4(3H)-one (23). By a similar procedure to that described
for the synthesis of 6 using 418 (200 mg, 1.24 mmol) and 2,3-dihydro-
1H-indole (174 mg, 1.29 mmol), followed by a purification on silica
gel (DCM/MeOH, 93/7), 23 (52 mg, 20%) was obtained as a white
powder, mp >250 °C. 1H NMR (400 MHz): 3.17 (t, J = 8.4 Hz, 2H);
3.32 (s, 3H); 3.39 (m, 4H); 3.58 (m, 4H); 4.11 (s, 2H); 4.17 (t, J = 8.4
Hz, 2H); 5.36 (s, 1H); 7.02 (t, J = 7.5 Hz, 1H); 7.16 (t, J = 7.5 Hz,
1H); 7.26 (d, J = 7.5 Hz, 1H); 8.01 (d, J = 7.5 Hz, 1H). Mass spec-
trometry: method A; Tr (min) = 0.68; [M + H]+ m/z 355; [M − H]−

m/z 353.
2-[2-(2-Methyl-2,3-dihydro-1H-indol-1-yl)-2-oxoethyl]-6-(mor-

pholin-4-yl)pyrimidin-4(3H)-one (24). By a similar procedure to that
described for the synthesis of 6 using 2 (500 mg, 1.92 mmol) and
2-methyl-2,3-dihydro-1H-indole (510 mg, 3.40 mmol), 24 (400 mg,
59%) was obtained as a white powder, mp 172 °C. 1H NMR
(400 MHz): 1.26 (d, J = 6.1 Hz, 3H); 2.65 to 2.72 (m, 1H); 3.18 to
3.44 (m partially masked, 5H); 3.54 to 3.63 (m, 4H); 3.72 (d, J = 15.7
Hz, 1H); 3.92 (d, J = 15.7 Hz, 1H); 4.71 (m, 1H); 5.20 (s, 1H); 7.04
(t, J = 7.8 Hz, 1H); 7.18 (t, J = 7.8 Hz, 1H); 7.29 (d, J = 7.8 Hz, 1H);

7.96 (d, J = 7.8 Hz, 1H); 11.69 (broad m, 1H). Mass spectrometry:
method A; Tr (min) = 0.70; [M + H]+ m/z 355; [M − H]− m/z 353.

2-[2-(2,2-Dimethyl-2,3-dihydro-1H-indol-1-yl)-2-oxoethyl]-6-
(morpholin-4-yl)pyrimidin-4(3H)-one (25). By a similar procedure to
that described for the synthesis of 6 using 2 (210 mg, 1.30 mmol) and
2,2-dimethyl-2,3-dihydro-1H-indole (130 mg, 1.25 mmol), 25 (75 mg,
25%) was obtained as a white powder, mp 237 °C. 1H NMR (400
MHz): 1.54 (s, 6H); 3.00 (s, 2H); 3.40 (m, 4H); 3.59 (m, 4H); 3.88
(s, 2H); 5.20 (s, 1H); 7.02 (t, J = 7.1 Hz, 1H); 7.16 (t, J = 7.1 Hz,
1H); 7.24 (d, J = 7.1 Hz, 1H); 7.47 (broad s, 1H); 11.64 (broad s,
1H). Mass spectrometry: method A; Tr (min) = 0.77; [M + H]+ m/z
369; [M − H]− m/z 367.

2-[2-(3-Methyl-2,3-dihydro-1H-indol-1-yl)-2-oxoethyl]-6-(mor-
pholin-4-yl)pyrimidin-4(3H)-one (26). By a similar procedure to that
described for the synthesis of 6 using 2 (500 mg, 1.92 mmol) and 3-
methylindoline (170 mg, 1.14 mmol), 26 (367 mg, 54%) was obtained
as a white crystalline powder, mp >260 °C. 1H NMR (400 MHz): 1.29
(d, J = 6.8 Hz, 3H); 3.42 (m, 4H); 3.49 (m, 1H); 3.60 (m, 4H); 3.68
(dd, J = 6.8 and 9.8 Hz, 1H); 3.75 (s, 2H); 4.33 (t, J = 9.8 Hz, 1H);
5.21 (s, 1H); 7.04 (t, J = 7.8 Hz, 1H); 7.18 (t, J = 7.8 Hz, 1H); 7.27 (d,
J = 7.8 Hz, 1H); 8.01 (d, J = 7.8 Hz, 1H); 11.62 (broad m, 1H). Mass
spectrometry: method A; Tr (min) = 0.73; [M + H]+ m/z 355;
[M − H]− m/z 353.

2-[2-(3,3-Dimethyl-2,3-dihydro-1H-indol-1-yl)-2-oxoethyl]-6-
(morpholin-4-yl)pyrimidin-4(3H)-one (27). By a similar procedure to
that described for the synthesis of 6 using 2 (177 mg, 0.68 mmol) and
3,3-methylindoline (236 mg, 1.45 mmol), 27 (134 mg, 54%) was
obtained as a pink solid, mp 248 °C. 1H NMR (400 MHz): 1.31 (s,
6H); 3.42 (m, 4H); 3.59 (m, 4H); 3.75 (s, 2H); 3.91 (s, 2H); 5.20 (s,
1H); 7.05 (t, J = 7.6 Hz, 1H); 7.18 (t, J = 7.6 Hz, 1H); 7.27 (d, J = 7.6
Hz, 1H); 8.00 (d, J = 7.6 Hz, 1H); 11.61 (broad m, 1H). Mass
spectrometry: method A; Tr (min) = 0.77; [M + H]+ m/z 369;
[M − H]− m/z 367.

2-{2-[(2S)-2-Methyl-2,3-dihydro-1H-indol-1-yl]-2-oxoethyl}-6-
(morpholin-4-yl)pyrimidin-4(3H)-one (28) and 2-{2-[(2R)-2-Methyl-
2,3-dihydro-1H-indol-1-yl]-2-oxoethyl}-6-(morpholin-4-yl)-
pyrimidin-4(3H)-one (29). These products were obtained by chiral
chromatography separation of 24 (311 mg, 0.88 mmol) on a Chiralpak
T304 20 μM chiral column (1080 g, 20 μM, 8/35 cm), eluent
acetonitrile/isopropanol, 90/10; flow rate 185 mL/min. After
purification, 28 (150 mg) was obtained, as first enantiomer, in the
form of a pink amorphous solid. 1H NMR (400 MHz): for this batch,
the signals are broad; 1.26 (d, J = 6.8 Hz, 3H); 2.44 (m partially
masked, 1H); 2.69 (d, J = 15.2 Hz, 1H); 3.42 (m, 4H); 3.60 (m, 4H);
3.72 (d, J = 15.7 Hz, 1H); 3.92 (d, J = 15.7 Hz, 1H); 4.72 (m, 1H);
5.20 (s, 1H); 7.04 (t, J = 7.8 Hz, 1H); 7.18 (t, J = 7.8 Hz, 1H); 7.28 (d,
J = 7.8 Hz, 1H); 7.96 (d, J = 7.8 Hz, 1H); 11.67 (broad m, 1H). Mass
spectrometry: method A; Tr (min) = 0.70; [M + H]+ m/z 355; [M −
H]− m/z 353. Optical rotation: αD = +65.0° ± 1.3 (c = 1.736 mg in
0.5 mL of methanol). Then the second enantiomer, 29 (143 mg), was
obtained in the form of a white amorphous solid. 1H NMR (400
MHz): for this batch, the signals are broad; 1.26 (d, J = 6.8 Hz, 3H);
2.45 (m partially masked, 1H); 2.69 (m, 1H); 3.41 (m, 4H); 3.61 (m,
4H); 3.72 (d, J = 15.7 Hz, 1H); 3.92 (d, J = 15.7 Hz, 1H); 4.70 (m,
1H); 5.20 (s, 1H); 7.04 (t, J = 7.8 Hz, 1H); 7.18 (t, J = 7.8 Hz, 1H);
7.28 (d, J = 7.8 Hz, 1H); 7.96 (d, J = 7.8 Hz, 1H); 11.64 (broad m,
1H). Mass spectrometry: method A; Tr (min) = 0.70; [M + H]+ m/z
355; [M − H]− m/z 353. Optical rotation: αD = −72.8° ± 1.2 (c =
2.338 mg in 0.5 mL of methanol).

4-Trifluoromethoxy-1H-indole, 30a. To a solution of of 4-
(trifluoromethoxy)-1H-indole-2-carboxylic acid (3 g, 12.24 mmol) in
14 mL of quinolein, copper powder (0.54 g, 8.57 mmol) was added,
and the reaction mixture was stirred at 200 °C for 5 h then cooled to
room temperature. The mixture was diluted with 30 mL of diethyl
ether and then filtered over Clarcel. The filtrate was washed successively
with an aqueous 6 N HCl solution, a saturated aqueous solution of sodium
bicarbonate, and brine. The organic layer was dried over magnesium sulfate,
filtered, and concentrated under reduced pressure and then purified on
silica gel (cyclohexane/ethyl acetate, 95/05) to give 30a (1 g, 41%) as an
amber oil. 1H NMR (400 MHz): 6.48 (broad s, 1H); 6.96 (d, J = 7.9 Hz,
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1H); 7.14 (t, J = 7.9 Hz, 1H); 7.41 to 7.47 (m, 2H); 11.49 (broad
m, 1H). Mass spectrometry: method A; Tr (min) = 1.01; [M − H]−

m/z 200.
4-Trifluoromethoxy-2,3-dihydro-1H-indole, 31a. To a solution of

30a (0.87 g, 4.32 mmol) in trifluoroacetic acid (12 mL) at −5 °C,
sodium cyanoborohydride (0.57 g, 8.63 mmol) was added in portions,
and the reaction mixture was stirred at 0 °C for 3 h. The mixture was
poured into 60 mL of rapidly stirring ice water, and the solution was
treated with concentrated NH4OH to basic pH. After stirring for
30 min, the mixture was extracted with ethyl acetate, and the
combined organic extracts were dried over magnesium sulfate, filtered,
and concentrated in vacuo. The crude residue was purified on silica gel
(cyclohexane/ethyl acetate, 95/05) to give 31a as a yellow oil (0.18 g,
21%). Mass spectrometry: method A; Tr (min) = 0.81; [M + H]+

m/z 204.
4-(4-Methylpiperazin-1-yl)-2,3-dihydro-1H-indole, 31b. To a solu-

tion of 4-(4-methyl-piperazin-1-yl)-1H-indole46 (490 mg, 2.28 mmol,
30b) in acetic acid (17 mL), sodium cyanoborohydride (429 mg,
6.83 mmol) was added in portions, and the reaction mixture was
stirred at room temperature for 2 h. The mixture was poured into
50 mL of rapidly stirring ice water, and the solution was made basic
with concentrated NH4OH. After stirring for 15 min, the mixture was
extracted with dichloromethane, and the combined organic extracts
were dried over magnesium sulfate, filtered, and concentrated in vacuo.
The crude residue was purified on silica gel (DCM/MeOH, 95/05) to
give 31b (395 mg, 80%) as a colorless oil. 1H NMR (400 MHz): 2.21
(s, 3H); 2.43 (m, 4H); 2.79 (t, J = 8.4 Hz, 2H); 2.88 (m, 4H); 5.30
(broad s, 1H); 6.15 (d, J = 7.9 Hz, 1H); 6.19 (d, J = 7.7 Hz, 1H); 7.11
(t, J = 7.9 Hz, 1H).
4-[(4-Methylpiperazin-1-yl)methyl]-2,3-dihydro-1H-indole, 31c.

To a solution 4-(4-methyl-piperazin-1-ylmethyl)-1H-indole47,48 (1,58 g,
6.89 mmol, 30c) in acetic acid (40 mL), sodium cyanoborohydride
(1.3 g, 20.67 mmol) was added in portions, and the reaction mixture
was stirred at room temperature for 2 h. The mixture was poured into
100 mL of rapidly stirring ice water, and the solution was made basic
with concentrated NH4OH. After stirring for 5 min, the mixture was
extracted with dichloromethane. The combined organic extracts were
dried over magnesium sulfate, filtered, and concentrated in vacuo. The
crude residue was purified on silica gel (DCM/NH3 7 N in MeOH,
95/05) to give 31c (1.22 g, 76%) as a yellow powder. 1H NMR (300
MHz): 2.13 (s, 3H); 2.19 to 2.31 (m, 4H); 2.89 (t, J = 8.6 Hz, 2H);
3.30 (s, 2H); 3.31 to 3.44 (m, 6H); 5.37 (broad s, 1H); 6.37 (d, J = 7.7
Hz, 1H); 6.44 (d, J = 7.7 Hz, 1H); 6.83 (t, J = 7.7 Hz, 1H).
In Vitro PI3K Enzyme Assay. Human p110α and δ with N-

terminal poly-His tags were coexpressed with p85α in a Sf9
baculovirus expression system, and the p110α and -δ/p85α
heterodimers were purified by sequential Ni-NTA and heparin
chromatography. Human p110β with an N-terminal poly-His tag
was coexpressed with p85α in a S21 baculovirus expression system,
and the p110β/p85α heterodimer was purified by sequential Ni-NTA,
A-EX (Q-HP), and Superdex S200 chromatography. A truncated form
of human PI3Kγ encompassing residues Ser144−Ala1102, C-terminally
labeled with a poly-His tag, was expressed with baculovirus in Sf9
insect cells and purified by sequential Ni-NTA and Superdex-200
chromatography. Lipid kinase activity assays were performed using
PI3K HTRF (homogeneous time-resolved fluorescence) Millipore kit
in 384 well format according to manufacturer instructions. The assay
was performed in 10 μL reaction volume: serial dilutions of inhibitors
(3% DMSO) were preincubated for 15 min at room temperature (RT)
with 10 μM PI(4,5)P2 substrate/enzyme mixture before starting the
reaction by the addition of 100 μM ATP. Enzyme concentrations
correspond to 100, 15, 30, and 400 pM for α, β, δ, and γ isoforms,
respectively. After 15 min incubation at RT, the enzymatic reaction
was stopped, and the revelation mixture added (Millipore kit). The
signals of fluorescence at 665 and 620 nm were recorded after O/N
incubation at 4 °C. The results were expressed as fluorescence signal
ratio ((665/620) × 10000). For this competition binding assay, wells
without enzyme were used to calculate the maximal signal (max). The
nontreated wells containing 3% DMSO were used to determine the

minimum signal (min). The percentage inhibition was calculated for
each concentration of compound according to the following formula:

= ×
−
−

⎡
⎣⎢

⎤
⎦⎥% inhibition 100

(signal ratio test signal ratio min)
(signal ratio max signal ratio min)

The activity of the product was estimated by using the con-
centration of compound where percent inhibition is equal to 50 (IC50)
obtained from a dose−response curve with 11 concentrations tested in
single replicates and fitted with XLFit 4 software from Excel version
4.2.2 using the four-parameter logistic model (eq 205). IC50 values
represent the mean from at least two independent experiments.

Cell Based Akt Phosphorylation Assays. All parental cell lines
were purchased from ATCC.49 Cells were cultured in DMEM high
glucose medium, except for BT549, which was cultured in RPMI1640
medium, containing 10% fetal calf serum and 2 mM glutamine
(complete culture medium).

MEF/3T3-Myristoylated p110β cell line was an inducible stable
clone established by transfecting a pTRE2Hygro-myc vector and
human myr wt PI3KCB sequence of interest in mouse embryonic
fibroblast MEF3T3 Tet Off (Clontech 631139). Cells were cultured in
DMEM high glucose medium supplemented with 10% tet system
approved FCS, 2 mM L-glutamine, 100 μg/mL Geneticin, 200 μg/mL
hygromycin B.

MEF/3T3-Myristoylated p110δ cell line was an inducible stable
clone established by transfecting a pTRE2Hygro-myc vector and
human myr wt PI3KCD sequence of interest in mouse embryonic
fibroblast MEF3T3 Tet Off (Clontech 631139). Cells were cultured in
the same medium as described for MEF/3T3-myristoylated p110β.

The Akt phosphorylation assay was based on a sandwich immu-
noassay using the MSD Multispot biomarker detection kit from Meso
Scale Discovery “phospho-Akt (Ser473) whole cell lysate kit” (no.
K151CAD) . The primary antibody specific for Akt was coated onto an
electrode in each well of the 96-well plates of the MSD kit. After the
addition of a protein lysate to each well, the signal was visualized by
adding a secondary detection antibody specific for pAkt-S473 and
labeled with an electrochemiluminescent compound. The procedure
followed was that described in the MSD kit. On day 1, cells were
seeded into 96-well plates at the concentration of 5000 to 35000 cells/
well depending on the cell line (PC3, LnCaP, MDA-MB-468, BT549,
H460, and U87-MG cells), 20000 cells/well (MEF/3T3-myristoylated
p110δ and MEF/3T3-Myristoylated p110β cells), or 320000 cells/well
(Raw 264.7 cells) in 200 μL of DMEM complete medium (PC3,
MEF/3T3-myristoylated p110β and MEF/3T3-myristoylated p110δ
cells) or in serum-free medium (Raw 264.7 cells) and incubated at
37 °C, overnight, in the presence of 5% CO2. On day 2, cells were
incubated in the presence or absence of the test products for 30 min to 2 h
at 37 °C in the presence of 5% of CO2. In the case of Raw 264.7, at the end
of compound treatment, cells were stimulated for 5 min with complement
protein C5a at 10−8 M final concentration at 37 °C in the presence of 5%
of CO2. In the case of MEF/3T3-myristoylated p110δ, cells were serum-
deprived for 6 h before treatment with test compounds in serum-free
medium. The molecules, diluted in dimethyl sulfoxide, were added from a
20-fold concentrated stock solution, the final DMSO concentration being
0.1%. The molecules were tested either at a single concentration of less than
or equal to 10 μM, or at increasing concentrations ranging from less than
1 nM to 10 μM. After incubation, cells were lysed for the preparation of the
proteins, according to the MSD kit description. The plates were read on the
S12400 instrument from Meso Scale Discovery. Wells without cells and
containing the lysis buffer were used to determine the background noise
that will be subtracted from all the measurements (min). The wells
containing cells in the absence of product and in the presence of 0.1%
DMSO were used to determine the 100% signal (max). The IC50 values
represent the mean from two independent experiments.

The Akt (Thr 308) phosphorylation cell based assay was conducted
under the same conditions but replacing the secondary antibody
specific for pAkt-S473 with the secondary antibody specific for pAkt-T308
(MSD kit no. K151DYD).

In Vivo Studies. Pharmacokinetic Assays. In Mice. Balb/c female
mice were used for the 3 mg iv and 10 mg and 100 mg po experiments.
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Mice were fed ad libitum, and compound 28 was administered using
the following formulations: intravenous route, 3 mg of compound 28
was dissolved in 50 μL of ethanol and 50 mg of Tween 80 under
stirring, until complete dissolution, and solution was completed up to
1 mL using dextrose 5%; oral route, 2 mg (or 20 mg) of compound 28
was added to 125 μL of ethanol and 125 mg of Tween 80 under
stirring, until complete dissolution, and solution was completed up to
1 mL using dextrose 5%. Twenty-four mice were used for each route
(three mice per time point, 0.083 h (iv), 0.25 h (po), 0.5 h, 1 h, 2 h,
4 h, 6 h, 8 h, and 24 h); blood samples were collected and transferred
into eppendorf tubes containing lithium heparin as anticoagulant. After
centrifugation (1500g for 10 min at 4 °C), plasma samples were frozen
at a temperature close to −20 °C, and compound 28 was quantified by
LC/MS-MS. Quality control samples and calibration samples were
prepared by spiking mice plasma with working solutions prepared
from independent weightings. The QC-sample concentrations were
adjusted to theoretical values of 1.5, 225, and 450 ng/mL. The
calibration curve was calculated from theoretical calibration levels of
1 (n = 3), 5, 10, 50, 100, 250, and 500 ng/mL (n = 3) weighed by 1/x
using a linear regression not forced through the origin. The lower limit
of quantitation (LLOQ) was 1 ng/mL. Pharmacokinetic modeling and
analysis were performed with WinOnLine 5.2 software using
noncompartmental model.
In Rats. Bioavailability of compound 28 following single oral

(10 mg/kg) or intravenous (3 mg/kg) administration to female Nude
rats was performed using the same protocols as for the mice (vide
supra).
In Dogs. Bioavailability of compound 28 following single oral

(10 mg/kg) or intravenous (3 mg/kg) administration to male Beagle
dogs was performed using the same protocols as for the mice (vide
supra), with the difference that in both formulations the polysorbate
(Tween 80) was replaced with solutol.
PD Assay. For PK/PD studies, animals bearing tumors were

randomized according to a given median tumor burden range on a
specific day post-tumor implantation, and treatment was administered
as indicated with three animals per group. At designated time points
posttreatment as indicated, mice were anesthetized and euthanized,
and blood samples were collected and kept for PK analysis. Tumors
were resected, frozen in dry ice in small fragments in screw-capped
tubes containing 2.8 mm ceramic beads (Ozyme no. BER1030), and
stored at −80 °C until use. Protein extracts were prepared in lysis
buffer [10 mM Tris, pH 7.5 (InVitrogen no. 15567-027), 100 mM
NaCl (Sigma no. S5150), 1 mM EDTA, pH 8 (InVitrogen no. 15575-
038), 1 mM EGTA, pH 8 (Sigma no. E4378), 1% Triton (Sigma no.
T9284), 1 mM NaF (Sigma no. S7920), 20 mM Na4P2O7 (Sigma no.
S6422), 1 mM activated Na3VO4 (Sigma no. S6508), and 10% glycerol
(Fisher Scientific no. G/0650/17) supplemented with protease
inhibitor mix (Roche no. 11836145001)] by mechanical dissociation
using the Precellys 24 bead beating homogenizer (Ozyme, no.
BER1011) set at two runs of 2 × 30 s at 6000 rpm at 4 °C and con-
nected to a Cryolys cooling system. The extracts were incubated 2 h
at 4 °C to extract membrane proteins and clarified by a 16000g
centrifugation for 15 min at 4 °C, and supernatants were collected,
aliquoted, snap frozen in dry ice, and stored at −80 °C until analysis.
Protein concentrations were determined by the Bradford method

(kit Pierce BCA 23225) according to the manufacturer instructions.
Tumor extract samples were not diluted for the assays. Levels of total
AKT protein and phospho proteins pAkt-S473 and pAkt-T308 were
determined using Mesoscale electrochemiluminescence duplex
immunoassays according to manufacturer instructions. The impact
on biomarker upon compound treatment was expressed as the mean
modulation of target kinase phosphorylation in treated tumors
compared with the vehicle tumors and was calculated as [(mean
phospho/total protein for treated group)/(mean phospho/total
protein for vehicle group) × 100] − 100.
Xenograft Studies. Human prostate PC-3 and melanoma UACC-

62 cells were purchased at ATCC (batch CTRL-1435, Rockville, MD,
USA) and at NCI (batch 0503000, DTP/DCTD/NCI1003 W.
Seventh Street, Frederick, MD USA 21701-8531), respectively. The
PC-3 was initiated from a bone metastasis of grade V prostatic

adenocarcinoma from a 62-year-old male Caucasian. PC3 cells were
cultured in F-12 medium containing 10% fetal calf serum (FCS) and
2 mL of glutamine, and UACC-62 cells were cultured in RPMI1640
medium supplemented with 10% FBS and 2 mM L-glutamine. PC3
and UACC-62 tumor models were established by implanting
subcutaneously (sc) 3 × 106 cells mixed with 50% matrigel (reference
356234, Becton Dickinson Biosciences) per SCID female mouse and
were maintained by sc serial passages once every 3 weeks in SCID
female mice. Animals bearing tumors were randomized according to a
given median tumor burden range on a specific day post-tumor
implantation, and the compound was administered orally at the
indicated dose twice a day (bid) in solution in the following
formulation: 12.5% ethanol/12.5% polysorbate 80/75% isotonic
glucose 5% in water, pH 2) for both studies, with seven animals per
group. Tumor volume was measured regularly during the treatment
period. Changes in tumor volume for each treated (T) and control
(C) group were calculated for each tumor by subtracting the tumor
volume on the day of first treatment (staging day) from the tumor
volume on the specified observation day. The median ΔT was
calculated for the treated group, and the median ΔC was calculated for
the control group. Then the ratio ΔT/ΔC was calculated and
expressed as a percentage. The dose was considered as therapeutically
active when ΔT/ΔC was lower than 40%.50 For statistical analysis, a
two-way ANOVA with repeated measures was applied to the ranks of
the tumor volume changes from baseline (TVday − TV0) and (CVday
− CV0), followed by a Winer analysis at each day of tumor mea-
surement. In case of significance, a Dunnett’s test was performed
versus control. Statistical analyses were performed on SAS system
release 8.2 for SUN4 via Everstat V5 software and SAS 9.2 software. A
probability less than 5% (p < 0.05) was considered as significant.

Crystallography. Determination of Compound 7 Crystal
Structure from X-ray Single-Crystal Diffraction Data. Crystal data
for compound 7 was collected at T = 298(2) K on a Bruker AXS
3-circle Smart-APEX diffractometer (χ-axis fixed at 54.748°) running
on Smart v5.634 program (Bruker AXS, Madison, WI, USA, 2009). A
sealed molybdenum anode X-ray tube (Mo Kα line, λ = 0.710731 Å)
was used, running at 50 kV and 40 mA. To reduce the extraneous Kβ
radiation, a graphite crystal monochromator was inserted in the
incident beam path just after the safety shutter. In addition, a 0.5 mm
MonoCap optical fiber collimator was used to increase the output flux
that strikes the sample. A charge-coupled device (CCD chip, 4 K, 62
mm) area detector positioned at 6.0 cm completed the setup. The
crystal was selected under an optical microscope (approximate crystal
dimensions: 100 × 200 × 300 μM3) and then glued with Araldite onto
a quartz rod. A full Ewald sphere of reflections was collected (3 × 600
frames, applying ω-scans with step widths of 0.3°). Accumulation time
was set at 60 s for each frame to be acquired. The orientation matrix
and unit cell were established using the SMART v5.634 program.
The 3D reflection profile and the integration of all reflections were
done with the SAINT+ v6.45 program (Bruker AXS, Madison, WI,
USA, 2003). The SADABS v2.10 program (Bruker AXS, Madison, WI,
USA, 2003) was then used for reflection scaling and for Lorentz,
polarization, and absorption effects correction. The tentative space
group was determined with the XPREP v6.14 program (Bruker AXS,
Madison, WI, USA, 2003). The SHELXTL v6.14 program suite
(Bruker AXS, Madison, WI, USA, 2003) was then applied to solve the
structure by direct methods. All non-hydrogen atoms were refined
anisotropically using full-matrix least-squares refinement on F2. All
hydrogen atoms have been located on Fourier difference map and
subsequently included in the refinement.

CCDC 946768 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Determination of p110β Crystal Structure. Mouse p110β
(114−1064) was expressed and purified following published
procedures for mouse p110δ.36 The protein crystallized in the
presence of 1.7 M of NaCl in 100 mM Hepes buffer, pH 7, at 20 °C
and a solution of crystal seeds diluted to 1/7500. Crystal seeds were
obtained by crystallizing the protein in the presence of 14−16% PEG
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8000, 28−32% ethylene glycol, and 100 mM carboxylic acids in
100 mM Mes/imidazole buffer, pH 6.5. Co-crystals were obtained by
mixing 1 μL of protein (8 mg/mL), 1 mM compound 28, and 1 μL of

precipitant with 0.2 μL of the diluted seeding solution. Crystals were
flash-frozen in liquid nitrogen prior to data collection. Diffraction data
for p110β−compound 28 were collected at the Swiss LightSource,
beamlinePXIII, using λ = 1.0 Å and a Pilatus 2M detector. Data were
processed using autoPROC,51 and the structure was solved by
molecular replacement using MOLREP52 using the mouse p110β
structure as the search model (PDB code 2Y3A). The structure was
refined using BUSTER/TNT,53 and model building was performed
with COOT.54 Coordinates and structure factors were deposited at the
Protein Data Bank under the code 4BFR.

■ AUTHOR INFORMATION

Corresponding Author
*Telephone: +33(0)1 58 93 36 14. Fax: +33(0)1 58 93 80 14.
E-mail: frank.halley@sanofi.com.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank Serge Sable,́ Fred́eŕic Herman, Bertrand Monegier,
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■ ABBREVIATIONS USED

ADME, adsorption, distribution, metabolism, and excretion;
Akt, protein kinase B PKB; BID, bis in die (twice a day); ATM,
ataxia telangiectasia mutated; ATR, ataxia telangiectasia and
Rad3 related; DCM, dichloromethane; DIPEA, diisopropyl
ethyl amine; DMF, N,N-dimethylformamide; DMSO, dimethyl
sulfoxide; DNA-PK, DNA-dependent protein kinase; EC,
effective concentration; EDCI, 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide; HLM, human liver microsomes; IC50,
inhibitory concentration at half maximal effect; iv, intravenous;
LE, ligand efficiency; mTOR, mammalian target of rapamycin;
pAkt, phospho serine−threonine kinase Akt; PD, pharmacody-
namic; PDK1, phosphoinositide-dependent kinase-1; PI3K,
phosphoinositide 3-kinase; PK, pharmacokinetic; PIP2, phos-
phatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-
3,4,5-trisphosphate; po, per os (orally); PTEN, phosphatase
and tensin homologue gene; qd, quaque die (once a day); rat
sarcoma, RAS; rmsd, root-mean-square deviation; SAR,
structure−activity relationship; SBE-β-cyclodextrin, sulfobutyl
ether β-cyclodextrin; SCID, severe combined immunodefi-
ciency; TFA, trifluoroacetic acid; THF, tetrahydrofuran;
Xantphos, 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene

Table 8. Crystal Data and Structure Refinement for
Compound 7

CCDC code 946768
empirical formula C18H20N4O3

formula weight 340.38
temp 298(2) K
cryst syst monoclinic
space group P21/n
a 6.3721(5) Å
b 24.135(2) Å
c 10.9429(9) Å
β 96.1460(10)°
vol 1673.2(2) Å3

Z 4
ρcalc 1.351 g/cm3

μ 0.095 mm−1

F(000) 720.0
2Θ range for data collection 3.38°−46.58°
index ranges −7 ≤ h ≤ 7, −26 ≤ k ≤ 26, −12 ≤ l ≤ 11
data set completeness 100%
reflns measured 10161
unique reflns 2407 (Rint = 2.8%)
data/restraints/params 2407/0/307
GOF on F2 1.078
final R indexes [I ≥ 2σ(I)] R1 = 0.0444, wR2 = 0.1043
final R indexes [all data] R1 = 0.0605, wR2 = 0.1119
largest diff. peak/hole 0.15/−0.14 e Å−3

Table 9. X-ray Data Collection and Refinement Statistics for
Compound 28a

Data Collection
space group P212121
unit cell dimensions

a, b, c (Å) 122.3, 129.0, 154.9
α, β, γ (deg) 90.0, 90.0, 90.0

resolution (Å) 154.9−2.8 (2.87−2.80)
total reflns 360129
unique reflns 60910
completeness (%) 99.8 (100)
Rsym 8.7 (126.9)
I/σ(I) 17.8 (1.3)

Refinement
reflns used 60840
Rfree/R 27.5/26.0
average B-values (Å2) 76.9
number of atoms

protein 13645
ligand 132
solvent 80

rms deviations
bond lengths (Å) 0.008
bond angles (deg) 0.87

aData in parentheses correspond to the highest resolution shells.
To calculate Rfree, 5% of the reflections were excluded from the
refinement. Rsym is defined as Rsym = ∑hkl∑i|Ii(hkl) − ⟨I(hkl)⟩|/
∑hkl∑iIi(hkl). The highest resolution shell cutoff was defined using the
correlation coefficient between random half-data sets CC1/2 = 0.5 as
described in POINTLESS.55
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