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Isoform Selective PI3K Inhibitors

for Treating Cancer

Steven T. Staben

Abstract The PI3K/AKT pathway is one of the most frequently altered in cancer

and several promising small-molecule inhibitors of this pathway have entered

advanced stages of clinical research. This chapter intends to highlight substantial

medicinal chemistry lead identification and optimization efforts that led to the

discovery of key isoform- and PIK family-selective PI3K inhibitors. Coverage is

given for those disclosed PI3K isoform-selective inhibitors that have entered

clinical trials in oncology, regardless of their current status. Where possible based

on existing information, a focus is placed on discussion of potential structural

rationale for isoform selectivity.
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Abbreviations

AE Adverse event

AI Aromatase inhibitor

AKT Protein kinase B

AUC Area under the curve

CaCo Heterogeneous human epithelial colorectal adenocarcinoma cells

CI Confidence interval

Clhep Predicted hepatic clearance

Clint Intrinsic clearance

CLL Chronic lymphocytic leukemia

Clp Plasma clearance

DNA-PK DNA-dependent protein kinase

ER Estrogen receptor

FDG-PET Fluorodeoxyglucose positron emission tomography

FL Follicular lymphoma

HEP Hepatocytes

HER2 Receptor tyrosine protein kinase ErbB2

HR Hazard ratio

HR+ Hormone receptor positive

HTS High throughput screen

LLE Lipophilic ligand efficiency

LM Liver microsomes (H, human; R, rat; M, mouse)

MDCK Madin-Darby canine kidney cells

mPFS Median progression free survival

MTD Maximum tolerated dose

mTOR Mechanistic target of rapamycin

ORR Overall response rate

pAKT Phosphorylated protein kinase B

Papp Apparent passive permeability

PI3K Phosphatidylinositide-3-kinase

PIK Phosphoinositide kinases

PIP2 Phosphatidylinositol-4,5-bisphosphonate

PIP3 Phosphatidylinositol (3,4,5)-triphosphate

p-loop Phosphate-binding loop (glycine-rich loop)

PR Partial response

pRTK Phosphorylated receptor tyrosine protein kinase

PTEN Phosphatase and tensin homologue

Ras Rat sarcoma

RTK Receptor tyrosine protein kinase

SH2 Src homology domain

SLL Small lymphocytic lymphoma

TPSA Topological polar surface area

UDP Uridine diphosphate
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UDGPA Uridine 50-diphosphoglucuronic acid
VPS34 Vacuolar sorting protein-34

1 Introduction

There are four isoforms of phosphatidylinositide-3-kinase (PI3K) referred to as

PI3Kα, -β, -δ, and -γ. These Class-I PI3Ks exist as heterodimers between catalytic

p110 isoforms (α, β, δ, γ) and regulatory subunits (i.e., p85α, p50α, p85β, p55γ).
The Class-I PI3Ks have proven to play a crucial role in signaling networks that

promote cell growth and survival [1, 2]. All PI3K isoforms propagate a signaling

cascade by phosphorylation of PIP2 (phosphatidylinositol-4,5-bisphosphonate) to

PIP3 (phosphatidylinositol (3,4,5)-triphosphate). The lipid messenger PIP3 medi-

ates activation of several downstream protein kinases, including promoting phos-

phorylation and activation of AKT.

The summation of over 20 years of preclinical and clinical investigation supports

the importance of phosphoinositol-3-kinases in oncology. As may be expected

based on their cellular function, activation of the PI3K/AKT pathway is a frequent

event in human tumors. This activation can be achieved by several mechanisms.

Somatic loss of PTEN, upregulation of upstream RTKs, and genetic modification of

PI3K itself can lead to pathway dysregulation [3]. PIK3CA (the gene that encodes

for p110α) itself is found to be mutated in a high percentage of a number of cancers

[3, 4]. For example, in a study of 452 patients with unilateral invasive primary

breast cancer, PIK3CA mutations were identified in 151 tumors (33.4%) [5].

Most early PI3K inhibitors that entered clinical investigation for oncology

indications were pan-isoform PI3K inhibitors, many of which also inhibited other

PIK-family members (PIK: phosphatidylinositol kinases, e.g. mTOR, DNA-PK, see

the chapter “Modulation of the DNA Damage-Response by Inhibitors of the

Phosphatidylinositol 3-Kinase Related Kinase (PIKK) Family”). The clinical effi-

cacy of these pan-isoform PI3K inhibitors has been described as “modest at best”

[6]. Pivotal Ph-II and -III results from pictilisib (GDC-0941) and buparlisib

(BKM-120) in mBC are informative as these are perhaps the most advanced

pan-isoform PI3K inhibitors in patients.

Both studies are promising and provide proof-of-concept for PI3K inhibition in

breast cancer, however, the changes in median progression free survival (mPFS)

and overall response rate (ORR) were not as substantial as hoped. In late 2014, the
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results of pictilisib in combination with fulvestrant vs. fulvestrant plus placebo in

patients with AI-resistant ER+ advanced or metastatic breast cancer were reported

(168 total patients, “FERGI” trial [7]). In analysis of the full population, addition

of pictilisib to fulvestrant was associated with an mPFS improvement from 3.8 to

6.2 mo (HR, 0.77; 95% CI, 0.50–1.19). In 2015, the results of a phase III investi-

gation of buparlisib in combination with fulvestrant vs. fulvestrant plus placebo in

patients with HR+/HER- AI-resistant advanced breast cancer were reported (1,147

patients, “BELLE-2” trial [8]). In analysis of the full population, addition of

buparlisib to fulvestrant was associated with an mPFS (median progression free

survival) improvement from 5.0 to 6.9 mo (HR, 0.78; P < 0.001). The overall

response rate (ORR) for the treated vs. control group in the total population was

11.8% vs 7.7%.

One hypothesis for the modest mPFS and ORR for these agents (and others) is

the exposure, and thus efficacy, of pan-PI3K inhibitors is limited by toxicity

associated with the simultaneous inhibition of multiple PI3K isoforms. Common

human adverse events resulting from pan-PI3K inhibition are hyperglycemia,

maculopapular rash, gastrointestinal intolerance (anorexia, nausea, vomiting, dys-

pepsia, severe diarrhea/colitis), and stomatitis [9]. Although not transformative for

many patients, clinical efficacy for these pan-inhibitors has been observed and has

supported further investigation of clinical PI3K inhibitors.

Despite similar structure and catalytic function, preclinical observations of

different mechanisms of activation, tissue localization, and phenotypes resultant

from genetic alteration suggest distinct native physiological roles of each PI3K

isoform [3]. Thus, a diverse pharmacology/toxicity is likely associated with inhi-

bition of specific isoforms. p110α and p110β are ubiquitously expressed in normal

tissues. Correspondingly, homozygous genetic loss of p110α or β in mice results in

embryonic lethality [10, 11]. Even heterozygous mice expressing one copy each of

kinase dead and wild-type p110α show metabolic defects including reduced body

weight, insulin resistance, and increased adiposity [12]. p110δ and p110γ are

primarily restricted to leukocytes. Deletion of p110δ and p110γ leads to viable

mice, but they have immune deficiencies. For example, p110δ was shown to play a
critical role in B cell homeostasis and function [13] and p110γwas shown important

in thymocyte development, T-cell activation, and neutrophil migration [14]. p110δ
kinase-dead knock-in mice show impaired immune responses and develop inflam-

matory bowel disease [15].

Whilst predicted to have efficacy in broad tumor types, the above-mentioned

preclinical and clinical toxicities associated with pan-PI3K inhibition may limit the

therapeutic index of pan-PI3K inhibitors. The development of isoform-selective

PI3K inhibitors may thus improve therapeutic outcomes as single agents or in

combination. There is great interest in the clinical study of selective PI3Kα inhi-

bitors in cancers with PIK3CA mutations, PI3Kβ inhibitors in tumors with PTEN

loss and PI3Kδ in hematological malignancies. Several of these “next generation”

isoform-selective PI3K inhibitors are expanding the understanding and re-

invigorating the enthusiasm of therapeutic intervention within this pathway. This

chapter intends to highlight the significant medicinal chemistry efforts leading to

isoform- and PIK family- selective PI3K inhibitors that entered clinical trials in

oncology.
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2 Structural Biology

Drug discovery programs directed at PI3-kinases have been highly enabled through

analysis of ligand-bound and apo X-ray structures of catalytic p110 subunits alone.

It is apparent that most drug discovery programs, regardless of targeted isoform

selectivity profile, initially relied on the well precedented p110γ co-crystallization

system of Walker et al. [16, 17]. Homology models for other isoforms derived from

these p110γ structures were also utilized. Reports of X-ray structures for the p110

subunits of the α [18–20], β [21], and δ [22] isoforms have been of more recent

value for designing and/or rationalizing isoform selective inhibitors.

2.1 Domains of p110 and Interaction with Regulatory
Domains

Class IA (PI3Kα, β, δ) and class IB (PI3Kγ) PI3Ks possess multi-domain catalytic

p110 subunits. For reference, an X-ray structure and the domain sequence archi-

tecture of p110α (PDB-id 4JPS) are displayed in Fig. 1 [23]. Class 1A p110s include

an adapter binding domain (ABD), a Ras binding domain (RBD), a C2 domain, a

helical domain, and a kinase domain. The class 1B p110γ shares similar structural

features, however lacks an ABD at the N-terminus. The kinase domain (magenta

Fig. 1) is mechanistically responsible for the primary function of the PI3Ks:

ATP-mediated phosphorylation of membrane localized phosphatidylinositol-4,5-

bisphosphonate (PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3). The

Fig. 1 Ribbon diagram of the p110α structure (2.2 Å resolution, PDB-id 4JPS) highlighting the

different domains of this catalytic subunit [23]. The ATP-binding site of the kinase domain

(magenta) occupied by BYL-719 is shown as the magenta solvent-accessible surface. Domain

boundaries adapted from Huang et al. [18]
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kinase domain is the site of action of all clinical PI3K inhibitors which act

ATP-competitive.

As noted above, PI3Ks exist as heterodimers between catalytic subunits (p110)

and regulatory subunits (p85 and splice variants p55, p50). There are multiple

mechanisms hypothesized for activating and localizing PI3Ks at the membrane

where PIP2 is located. Binding to pRTKs, RAS superfamily members, GPCRs, Gβγ
subunits, and plasma membrane have all been proposed as important depending on

stimulus and PI3K isoform invoked [24]. The specific manners of activation and

localization are structurally dependent on the different domains of p110 isoforms as

well as regulatory subunits that are associated as part of the heterodimeric PI3K

complex. The regulatory subunits contain SH2 (Src homology 2) domains thought

to interact with RTKs in response to RTK auto-phosphorylation generated by ligand

stimulus. It is hypothesized that these pRTK (and/or membrane) interactions are a

major mechanism to achieve active and localized p110 subunits. In all reported

structures of p110 isoforms, the DFG and αC-helix are “in” suggesting a persistent

catalytically active state of p110. This may be consistent with the hypothesis that

PI3K activity is controlled primarily by co-peptide binding (i.e., pRTKs, Ras) and

co-localization at the membrane with PIP2.

Although a complete structure of a heterodimer has not been disclosed, a model

for p110/p85 interaction can be built based on aligned overlays of partial structures.

Shown in Fig. 2 is an overlay of structures containing full p110α and p110β with

partial p85 fragments [19, 21]. From this model, positioning of the inter-, n-terminal,

and c-terminal SH2 domains can be approximated. The regulatory p85 makes exten-

sive contacts with different domains of p110; in particular, a significant contact along

the spine of the i-SH2. Contacts between the n- and c-SH2 domains are predicted to be

mediated by only a few residues. It is believed that the n-terminal and/or c-terminal

SH2 domains are substantially displaced upon pRTK binding. It is interesting to note

that two hotspot mutations of p110α (H1047R and E545K, shown in red), as well as

many others reported in the literature, occur at or near the interface of the n- and

c-SH2 domains of p85 [4].

2.2 Structural Features of the ATP Site and Inhibitors

A number of different chemotypes have been discovered to selectively inhibit PI3-

kinases. There are some general features of the ATP-binding site that are

typically exploited for potency and/or selectivity. A representation of the key

features of the ATP binding site is shown schematically in Fig. 3. The N- and

C-lobes of p110 subunits for the ATP pocket and solvent access occurs between the

lower hinge and p-loop/kβ3 strand (kβ3 ¼ kinase beta 3, nomenclature adapted

from Walker [16]). Three key isoform-conserved residues border the adenine

pocket: a hinge valine, a gatekeeper isoleucine, and a tyrosine residue. PI3K

inhibitors necessitate a hydrogen bond from this valine hinge residue. Interestingly,

as opposed to many other kinase inhibitors, single- rather than dual- interaction

with this valine residue is common for PI3K inhibitors. The phosphate binding

pocket (“affinity pocket”; Berndt [22]) is lined, as typical across the kinome, with a
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catalytic lysine and an acidic residue projecting from the αC-helix (aspartate in the

case of p110s). Many PI3K inhibitors fill this pocket directly or indirectly (through

water) interacting with the tyrosine, lysine, and/or aspartate residues. Many inhi-

bitors also occupy a hydrophobic pocket on the N-lobe side of the ribose pocket.

Lipophilic substitution of the ligand here is enclosed by isoform-conserved hydro-

phobic amino acid side-chains (catalytic lysine Cα-Cγ methylenes, proline, and

methionine from the kβ4 strand and an isoleucine from the kβ5 strand; residues not
shown). With little exception [25], isoform selective or specific inhibitors primarily

take advantage of structural differences in the lower hinge (C-lobe) or kβ3/kβ4
strands (N-lobe, discussed below). Representative in Fig. 3 is a schematic repre-

sentation of clinical PI3K-inhibitor BYL719 is mapped onto the above description

of key binding features. The aminothiazole contacts the hinge, polar and hydro-

phobic interactions are achieved from the 4-pyridyl and substituents. Isoform

selectivity is achieved through interaction with the lower hinge (discussed later).

Representative of all p110 isoforms, the ATP-binding site of p110γ (PDB-id

3DBS) in complex with pan-PI3K inhibitor GDC-0941 (pictilisib) is shown in

Fig. 4. The key isoform-conserved residues within the binding site, mentioned

above, are highlighted (hinge Val882γ, catalytic Lys833γ, αC-helix Asp841γ, and
the DFG motif). A series of β-strands (kβ3–kβ7) forms the N-lobe of the

ATP-binding site, as typical for protein kinases. The formal gatekeeper residue in

Fig. 2 Aligned overlay of

X-ray structures of niSH2-

p85α/p110α (PDB-id:

4L23) and ciSH2-p85β/
p110β (2Y3A) [19, 21]. The
p110α and p110β subunits

are represented by dark
gray and light gray ribbon
diagram, respectively. The

niSH2-p85α is represented

by dark blue ribbon; the
ciSH2-p85β is colored

magenta. Key residues

H1047 and E545 of p110α
(highlighted red) likely
influence contact with the

cSH2 and nSH2 domains of

p85α
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all p110 isoforms is an isoleucine (Ile879γ, not shown). However, due to a change

in orientation of the kβ7 strand (kinase beta strand 7) leading to the hinge, Tyr876γ
(on the kβ6 strand, conserved across isoforms) acts as a functional gatekeeper. We

hypothesize that this change in strand orientation accommodates ligands with

non-aromatic, sterically encumbering hinge-binding motifs (i.e., the morpholine

of GDC-0941). This may lead to a greater volume for ligand binding and may

Fig. 3 (a) Schematic representation of key residues and features of the ATP binding site of

catalytic p110 subunits (gray) and typical features of ligands (multicolored). (b) Ligand features

mapped on to PI3Kα-selective inhibitor BYL719

Fig. 4 X-ray structure of GDC-0941 (blue) bound to p110γ (magenta) [PDB-id: 3DBS] [26]. Key
conserved residues across p110 isoforms are labelled with black text; key motifs are highlighted in

magenta text.
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explain the relative ease of attaining selectivity for PIK family members over the

broad kinome by PI3K inhibitors.

Despite a high degree of homology among the isoforms, there are notable

differences in primary structure and amino acid sidechain mobility within the

lower hinge and kβ3/kβ4 strands. Most isoform selective inhibitors reported were

designed for (or later rationalized by) exploitation of these particular differences.

Key differences in primary structure on the kβ3/kβ4 strands and lower hinge are

labelled in Fig. 5 (GDC-0941 in p110γ). For example, a difference in residue

Lys809γ (Gln859α, Asp856β, Asn836δ) is believed to key in a mechanism of

selectivity for NVP-BYL-719 (selective interaction with Gln859α; Furet [23]). It
has been hypothesized that mobility/flexibility of conserved Met804γ and Trp812γ
contribute to the selectivity of inhibitors. These differences have been used to

rationalize PI3Kβ [27] and PI3Kδ [22] selective inhibitors, as well as those that

spare inhibition of PI3Kβ [28].

3 Tabulated Selectivity Data for Isoform Selective PI3K

Inhibitors

Inhibitors discussed in this chapter are presented in Table 1. Activity against the

different PI3K isoforms is reported as disclosed by the various discovery teams.

Fig. 5 X-ray structure of GDC-0941 (blue) bound to p110γ (magenta) [PDB-id: 3DBS] [26]. Res-
idues on the kβ3/kβ4 strands and lower hinge that have been hypothesized to aid in isoform

selective inhibition are labelled in black text
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4 Medicinal Chemistry: Discoveries Leading to Isoform

Selective PI3K Inhibitors

4.1 PI3Kδ Inhibitors

The most efficacious single-agent PI3K inhibitors to date are those of that selec-

tively target PI3Kδ in hematological malignancies, including US FDA approved

Zydelig®. Notably, dramatic responses are observed even though genetic alteration

of the PI3K pathway in these patients is not present. The compounds block

signaling downstream of the B-cell receptor [13], thus targeting dysfunctional

leukemic B-cells.

4.1.1 Cal-101 (GS-1101, Idelalisib, Zydelig®), PI3Kδ Inhibitor

Idelalisib (Cal-101, GS-1101, compound 1, Scheme 1), originally discovered by

Icos Corporation, entered clinical trials in 2008 and was approved under the trade

name Zydelig® by the FDA in 2014 for relapsed CLL, FL, and SLL. Idelalisib is

reported to have high isoform selectivity for PI3Kδ over the other Class-1 isoforms

[29]. Despite being the most advanced and only approved PI3K inhibitor, very little

has been published related to the medicinal chemistry effort that led to this

groundbreaking compound.

The structure of idelalisib is exemplified in a 2005 patent application from Icos

Corporation where they disclose a series of quinazolinone inhibitors of PI3Kδ

Table 1 Biochemical activity against Class-I PI3K isoforms for inhibitors detailed in this chapter

Clinical

compound

Primary PI3K isoform

target (IC50 or Ki)

Normalized selectivity relative to

primary target

ReferencePI3Kα PI3Kβ PI3Kδ PI3Kγ
Cal-101 PI3Kδ (19 nM) 453x 211x 1x 111x [29]

IPI-145 PI3Kδ (2.5 nM) 641x 34x 1x 11x [30]

SAR260301 PI3Kβ (23 nM) 67x 1x 20x >435x [31]

GSK2636771 PI3Kβ (5 nM) >1,160x 1x 12x >2,520x [32]

AZD8186 PI3Kβ (4 nM) 9x 1x 3x 169x [33]

GDC0032 PI3Kα (0.29 nM) 1x 31x 0.4x 3.3x [34]

CH5132799 PI3Kα (14 nM) 1x 9x 36x 3x [35]

AZD8835 PI3Kα (6.2 nM) 1x 72x 0.9x 15x [36]

BYL719 PI3Kα (5 nM) 1x 240x 58x 50x [23]

INK1117 PI3Kα (15 nM) 1x 300x 927x 127x [37]
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[38]. An earlier structurally related compound, compound 2, was reported by Icos to

be a “close analog” of a compound identified from a screen of their diverse

chemical matter. It is presumed that this was a lead that resulted in the discovery

of idelalisib (1).

The crystal structure of idelalisib in p110δ was recently disclosed [29]

confirming the hypothesized binding mode [22]. Most PI3Kδ selective inhibitors

possess a unique three dimensional architecture compared to pan-PI3K inhibitors,

commonly referred to as “propeller” or “T-shaped.” In a seminal publication

containing the first crystal structures of p110δ, Berndt et al. [22] proposed that

selectivity for PI3Kδ was achieved for this class of inhibitors through exploitation

of a differential conformational flexibility and sequence identity of active-site

residues that aren’t important for ATP binding. This conformational mobility can

be visualized in Fig. 6 through examination of the induced fit binding of compound

1 to p110δ (pdb id: 4XE0, Somoza et al. [29]) compared to the p110δ apo structure
(pdb id: 2WXR, Berdnt et al. [22]). The adenine of compound 1 exists in the

expected plane bisecting the N- and C-lobes of p110δ. Consistent with many

N

N

Me O

Me

N

N
N

N

H2N

2
IC87114

N

N

F O

HN

N

N

NH

Me

N

1
Cal-101, GS-1101
idelalisib, ZydeligTM

PI3Kα IC50 = 2600 nM
PI3Kβ IC50 = 4000 nM
PI3Kδ IC50 = 19 nM
PI3Kγ IC50 = 2100 nM

δ isoform selectivity:
α/δ = 453x, β/δ = 211x, γ/δ = 111x

Scheme 1 Chemical structures of IC87114 and idelalisib. Biochemical data from Somoza et al. [29]

Fig. 6 Induced fit binding of “T-shaped” PI3Kδ inhibitors exemplified by idelalisib (1). (a) p110δ
in complex with idelalisib (4XE0). (b) p110δ apo structure (pdb id 2WXR). A reorganization of

residues on the kβ3 and kβ4 strands (p-loop) is required for binding to idelalisib
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other PI3Kδ selective inhibitors, this inhibitor appears to interact with the hinge-

valine and does not appear to directly make any contacts to conserved residues in

the phosphate binding pocket. The quinazolinone is oriented orthogonal to this

plane and occupies a region between a tryptophan and methionine residues that are

conserved among the isoforms. This occupied pocket doesn’t exist in the apo form

of p110δ (or other isoforms) and Berdnt et al. hypothesize this conformational

flexibility is more facile in p110δ compared to the other isoforms.

This inhibitor is an exciting treatment for patients with relapsed refractory CLL.

For example, in a phase III study of idelalisib in combination with rituximab

vs. rituximab alone, patients receiving idelalisib had improved overall response

rates (81% vs. 13%) and overall survival at 12 months (92% vs. 80%, Furman et al.

[39]).

4.1.2 INK-1197 (IPI-145, Duvelisib), PI3Kδ/γ Inhibitor

In 2011, INK-1197 (3) entered a phase I dose escalation in patients with advanced

hematological malignancies. The structure of INK-1197 is exemplified in a 2009

application from Intellikine [40] and acknowledged first as the clinical candidate in

a 2013 research publication [30]. INK-1197 was renamed as IPI-145 when licensed

to Infinity in 2011. Infinity has subsequently partnered with Abbvie to co-develop

this inhibitor which recently entered phase III clinical trials in patients with

hematological malignancies.

There hasn’t been any information disclosed about the optimization of this

compound. The quinazolone of idelalisib (1) is replaced with an isoquinolone

(Scheme 2).

The compound 3 has been claimed to be differentiated from idelalisib (1) on the

basis of improved activity against the PI3Kγ isoform. Although structurally similar,

3 possesses greater dual activity against PI3Kδ and PI3Kγ. A structure based

rationale for this feature has not been reported. However, based on structural

similarity, compound 3 very likely adopts an induced fit binding to PI3Kδ akin to

compound idelalisib (1).

Given there are distinct roles and expression of PI3Kδ and PI3Kγ isoforms in

lymphocyte subset function, it has been hypothesized that activity associated with

PI3 IC50 = 1602 nM
PI3 IC50 = 85 nM
PI3 IC50 = 2.5 nM
PI3 IC50 = 27 nM

soform selectivity:
= 641x, = 34x, = 11x

3
INK-1197
IPI-145

N

Cl O

HN

N

N

NH

Me

N

Kα
Kβ
Kδ
Kγ

δ i
α/δ β/δ γ/δ

Scheme 2 Chemical

structure and biochemical

isoform inhibition data for

INK-1197 (3) [30]
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dual inhibition may differ from that of inhibition of PI3Kδ alone [30, 41, 42]. Clin-
ical results for INK-1197 in hematological malignancies have been compelling but

it remains to be seen whether differentiation from idelalisib is possible with this

unique selectivity profile.

4.2 PI3Kβ Inhibitors

PI3Kβ inhibitors, such as TGX-221 and AZD6482, appear to have been originally

developed with the promise of preventing platelet aggregation and blood clots.

More recently, reports of the importance of the PI3Kβ isoform in PTEN-deficient or

null cancers [43, 44] has moved some interest into treating this specific population

of cancer patients. PTEN (phosphatase and tensin homolog) is a negative regulator

of PI3K signaling and catalyzes the dephosphorylation of PIP3 to PIP2 [45]. Indeed,

one of the most common observed mechanisms leading to activated PI3K signaling

in patients is somatic loss of PTEN through epigenetic or genetic alteration [46].

4.2.1 SAR260301, PI3Kβ

In 2012, SAR260301 (4, Scheme 3) entered phase I dose escalation to determine

MTD in patients with advanced solid tumors. SAR260301 is reported to be a

selective inhibitor of PI3Kβ, with>20-fold selectivity over the other PI3K isoforms.

The Sanofi oncology drug discovery group published a series of manuscripts from

2012 to 2014 detailing a successful optimization campaign [31, 47, 48].

Lead compound 5 was identified following up a high throughput screen of 550 K

compounds. Compound 5 is reported to be active against PI3Kβ (IC50¼ 42 nM) and

to possess variant selectivity over the PI3Kα, δ and γ isoforms (IC50 ¼ 2,138,

118 and >10,000 nM, respectively). Optimization of potency and selectivity for

PI3Kβ was achieved through monitoring a biochemical assay as well as pAKT

inhibition in a PC3 line (PTEN-deficient prostate cancer cell line). Initial efforts

were directed at positional scan of substitution on the pendant aniline, and repre-

sentative data is shown in Table 2. Small para (fluoro, 6) and meta-substitution

(methoxy, 7) gave analogs that were slightly more potent against the PI3Kβ
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5
PI3 IC50 =2138 nM
PI3 IC50 = 42 nM
PI3 IC50 = 118 nM

PI3 IC50 > 10,000 nM
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= 51x, = 3x, > 238x
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Me

clinical compound

SAR260301
4

PI3 IC50 =1539 nM
PI3 IC50 = 23 nM
PI3 IC50 = 468 nM

PI3 IC50 > 10,000 nM
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= 67x, = 20x, > 435x
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δ
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α/β /β γ/β
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δ
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α/β /β γ/β

Scheme 3 Lead compound 5 and SAR260301 (4)
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isoform. Ortho substitution (methyl, 9) was detrimental to PI3Kβ potency. Most

interestingly, meta and ortho substitution, in general, improved selectivity over

PI3Kδ.
Two strategies were reported that called for more drastic changes to the poten-

tially labile aniline amide. Isosteric replacement via a benzimidazole and

benzoxazole was well tolerated (Fig. 7; Certal et al. [47]). Representative is

benzoxazole 10, which has similar levels of activity and isoform selectivity com-

pared to starting anilide 5. Cyclization of the aniline amide to indoline 11 gave a

very potent and isoform selective PI3Kβ inhibitor [31]. The low aqueous solubility

of 11 was hypothesized to be a result of strong crystal packing, confirmed by a high

melting point of the crystalline solid (285�C). An analysis of the small molecule

X-ray structure indicated intermolecular hydrogen bonding interactions between

pyridone monomers as well as π-stacking of the indoline moieties. Blocking the

intermolecular hydrogen bonds by introduction of an N-methyl within the pyridone

Table 2 Influence of aniline substitution on PI3Kβ potency and isoform selectivity profile

N

N
H

N

O

O

O

N
HR1

R2

R3

Compound R1, R2, R3 PI3Kβ IC50 (nM) α/β, δ/β, γ/β
6 H, H, F 13 221x, 7x, >769x

7 H, OMe, H 15 158x, 41x, >667x

8 H, OMe, F 3 1,153x, 49x, >3,333x

9 Me, H, H 236 >42x, 18x, >42x
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R

10
PI3Kα IC50 >10,000 nM

PI3Kβ IC50 = 82 nM
PI3Kδ IC50 = 779 nM

PI3Kγ IC50 > 10,000 nM

β isoform selectivity:
α/β > 122x, δ/β = 10x, γ/β > 122x

compound

11

4

12

R

H

(S)-Me

(R)-Me

α/β, δ/β, γ/β

115x, 7x, >2500x

67x, 20x, >435x

95x, 1x, 552x

PI3Kβ IC50

4

23 nM

6 nM

pH 7.4 solubility

12 M

928 M

2497 M

μ

μ

μ

Fig. 7 Aniline modification through cyclization including benzoxazole 10 and indolines 4, 11 and 12
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resulted in a loss of activity without strong improvement of aqueous solubility.

Indoline methyl substitution, however, in analogs 12 and 4 gave a dramatic

improvement in solubility. The (S)-methyl enantiomer possessing the greater

level of selectivity over the PI3Kδ isoform. Compound 4 was advanced based on

its overall combination of activity, selectivity, solubility, permeability (Caco2

Papp ¼ 48 � 10�6 cm/s), and microsomal stability (57% remaining after 20 min

incubation with HLM).

Compound 4 was shown to inhibit pAKT-S473 formation in vitro in a PC3 cell

line with an IC50 ¼ 49 nM. Pathway suppression and tumor growth inhibition were

demonstrated in two PTEN-deficient xenograft models, PC3 and UACC-62.

Notably, this group also was able to solve a crystal structure of murine p110β in
complex with 4 (Fig. 8) [31]. The binding mode of 4 was in good agreement with

that hypothesized throughout the optimization process. The morpholine contacts

the hinge-valine (residue 848). The pyrimidone carbonyl engages in a likely water-

mediated interaction with Tyr833, whereas the “propeller” shape of the inhibitor

directs the indoline under the p-loop in between Trp781 and Met773. Notably, the

orientation of the Trp781 and Met773 residues differ substantially compared to the

structure of p110β with pan-inhibitor GDC-0941 (pdb id: 2Y3A). The authors

propose this flexibility in PI3Kβ and PI3Kδ allows for selectivity over the PI3Kα
and PI3Kγ isoforms. They also hypothesize that the differences they observe in

PI3Kβ over PI3Kδ activity can be attributed to a difference in primary structure on

the kβ3 strand in this area: Lys771β vs. Thr750δ. Indeed, some of the divergent

SAR against the PI3Kβ and PI3Kδ isoforms based on changes in the 4-position of

the indoline [31] and aniline substitution of compound 5 above may be explainable

by this difference in primary structure.

The results of the phase I dose escalation of 4 were disclosed at the 2015 ASCO

annual meeting. A maximum tolerated dose was not reached and no objective

responses were observed (3 of 21 patients were PTEN null, Bedard et al. [49]).

The authors concluded that the rapid clearance observed for 4 was responsible for a

lack of sustained pathway inhibition that was necessary to see anti-tumor activity in

preclinical models.

Fig. 8 (a) Structure of SAR260301 (4) in p110β (pdb id: 4BFR). (b) Structure of pan-inhibitor

GDC-0941 in p110β (pdb id: 2Y3A). Compound 4 occupies a hydrophobic cleft created by

reorientation of the Trp781 and Met773 residues relative to the GDC-0941 structure
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4.2.2 GSK2636771, PI3Kβ

In 2011, GSK2636771 (13) entered a phase I dose escalation in patients with

advanced solid tumors with PTEN-deficiencies. The structure and initial clinical

data for 13 was disclosed in 2012 [50]; the structure is disclosed in a 2012 patent

application (Qu et al. [32], Example 31) and subsequent combination method of use

applications (Scheme 4).

Medicinal chemistry was directed at ligand-based modification of TGX-221

(14). A series of publications from GSK detailed a number of different scaffolds

possessing similar binding motifs (Scheme 5). Representative chemotypes included

imidazopyrimidones (i.e., 15, Lin et al. [27]), triazolopyrimidinones (i.e., 16,

Sanchez et al. [51]), pyrazolopyrimidines (i.e., 17, Yu et al. [52]), and thiazo-

lopyrimidinones (i.e., 18, Lin et al. [53]).

Representative of all of these scaffolds, optimization to 15 was accomplished

through a combination of SAR at the 1- and 2-positions of the imidazopyrimidinone

core (Table 3). Dual ortho and meta substitution (R1 ¼ Me, R2 ¼ CF3) was

preferred to achieve maximum inhibition of PI3Kβ (compare 19, 20 and 21).

Notably, these modifications did not strongly influence the selectivity for PI3Kβ
over PI3Kδ (five to eightfold selectivity). Imidazopyrimidinone 2-methyl substi-

tution resulted in a modest improvement in potency against PI3Kβ and larger

substitution such as ethyl was tolerated (compound 22).
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GSK2636771

PI3Kα IC50 > 5800 nM
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Scheme 4 TGX-221 (14) and GSK2636771 (13)
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Scheme 5 Chemotypes published by GSK related to GSK2636771
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Scientists at GSK used p110β homology models for structure based design and

there aren’t any published crystal structures from within these chemical series.

However, binding modes can be assumed based on those observed for TGX-221

and SAR260301 (Fig. 8). All 5,6-bicyclic heteroaromatic scaffolds possess

morpholino substitution which presumably interact with the conserved hinge

valine. The ring carbonyls likely make a water mediated interaction with the

tyrosine in the back pocket. The arene substitution of these “propeller-shaped”

inhibitors likely relies on the induced fit movement of the conserved methionine

and tryptophan residues (akin to SAR260301).

GSK2636771 itself diverges from what is published in these manuscripts as it

has a carboxylate substituent in replacement of the carbonyl present in TGX-221,

15, 16, 17, and 18. The patent application that exemplifies GSK2636771 has many

examples where substitution at this position is changed including carboxylic acid

derivatives and small aromatic heterocycles. It is likely that the carboxylate sub-

stitution results in displacement of a back pocket water molecule and results in

direct interaction with the tyrosine and catalytic lysine residues.

Within this patent application, GSK2636771 (13) is reported to inhibit soft-agar

growth of PC3 cells (PTEN-null) with an IC50 ¼ 27 nM and promote tumor growth

stasis in a PC3-xenograft model at doses �10 mg/kg.

Results from the phase I dose escalation were reported at ASCO in 2014 [54]. In

this disclosure, 13 was reported to be a potent inhibitor of PI3Kβ (IC50 ¼ 0.89 nM)

with >900-fold selectivity over PI3Kα/γ and >10-fold selectivity over PI3Kδ.
MTD was determined to be 500 mg and substantial pAKT suppression in surrogate

tissue was noted. One patient had a RECIST PR and 13 patients had stable disease

(53 patients reported to be treated).

Table 3 SAR within an imidazopyrimidinone series of PI3Kβ inhibitors from GSK

N

NN

R3

N

O

O
R1

R2

Compound R1, R2, R3 PI3Kβ IC50 (nM) α/β, δ/β, γ/β
19 Me, H, H 40 >100x, 5x, 125x

20 H, CF3, H 100 63x, 8x, >63x

21 Me, CF3, H 3 333x, 7x, 1,067x

15 Me, CF3, Me 1 >2,000x, 8x, >1,000x

22 Me, CF3, Et 2 >800x, 8x, >800x
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4.2.3 AZD8186, PI3Kβ/δ

In 2013, AZD8186 (23) entered phase I dose escalation including patients with

PTEN-deficient/mutated or PIK3CB mutated/amplified advanced solid malignan-

cies tumors classified as PTEN-null or low. AZD8186 is reported to have good

biochemical potency against the PI3K-β and -δ isoforms, reduced activity against

the PI3K-α isoform and minimal activity against the PI3K-γ isoform. It is com-

monly referred to as a β/δ inhibitor as it is approximately 200-fold more potent in

PTEN-null MDA-MB-468 cells compared to a PIK3CA-mt line, B7H4. Several

sites at Astra Zeneca collaborated on a series of publications in 2014 describing

medicinal chemistry leading to this unique selectivity profile [33, 55, 56].

AZD8186 (23) was generated by a combination of properties and structure

guided-design that started from TGX-221 (14, Scheme 6). A related early com-

pound, AZD6482, originally disclosed by some of the academic researchers that

discovered TGX-221 [57], was progressed into clinical trials in healthy volunteers

to assess influence on platelet activation. Although well tolerated, this compound

was apparently discontinued as a result of significant concentration-dependent

increase in plasma insulin as well as relatively short plasma half-life. Subsequently

this compound was optimized to oral inhibitor AZD8186.

A crystal structure of compound 24 in PI3Kγ (pdb id: 4URK) indicates a

predictable binding mode wherein the morpholine makes a single point interaction

with the hinge valine and the 4-carbonyl interacts with the catalytic lysine. This

compound adopts a “T-shape” with orthogonal orientation of the anthranilic acid.

Compounds of this type likely derive isoform selectivity through the induced fit

model discussed above (Fig. 8). Optimization from 24 is reported to have focused

on improving the pharmacokinetic profile to allow once a day dosing as well as

alterations in the overall isoform selectivity profile. Elimination of the carboxylate

improved passive permeability, however, didn’t improve metabolic stability even

though addressing an observation of UDP-mediated acyl glucuronide formation in

human hepatocytes (compound 25, Scheme 7). The ADME properties of this series

were improved through a series of LogD reductions. Amido substitution at the

7-position of the pyridopyrimidinone (i.e., compound 26) gave some improvement

in human hepatocyte stability. Although poorly soluble, compound 26 was able to
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Scheme 6 Chemical structures of TGX-221 (14), AZD6482 (24), and AZD8186 (23)
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show some efficacy at high doses in nude mice implanted with a PC3 prostate tumor

xenograft.

Replacement of the pyridopyrimidinone core by a more polar variant was

targeted to further reduce lipophilicity in order to improve solubility and metabolic

stability with hopes of maintaining high potency. Although calculated to be more

lipophilic, chromenone replacement of the pyridopyrimidinone resulted in a con-

sistent decrease in Log D. A matched-pair analysis over 54 pairs showed an average

Log D7.4 decrease of 0.69. Chromenone 23 (AZD8186) has improved metabolic

stability in human hepatocytes (Clint < 4 μL/min/10�6 cells) and acceptable

permeability (Papp ¼ 8 � 10�6 cm/s). Compound 23 has moderate/high clearance

and moderate/low bioavailability in mice and dogs. It was active in PTEN-null

breast adenocarcinoma MDA-MB-463 cells (pAKT IC50 ¼ 3 nM) and a cell-line

sensitive to PI3Kδ inhibition (Jeco B cell pAKT IC50¼ 17 nM). It was not active in

a cell line sensitive to PI3Kα inhibition, B7H4 (PIK3CA mutant breast ductal

carcinoma, pAKT IC50 ¼ 752 nM). Pathway modulation and tumor growth inhibi-

tion was demonstrated in a PC3-xenograft model where ABT co-administration

was necessary to achieve tumor stasis at 60 mg/kg of compound 23.

Clinical results for this inhibitor have not been disclosed.

4.3 PI3Kα Inhibitors

Selective inhibition of PI3Kα is anticipated to be desirable in patient populations

with solid tumors that have activating PIK3CA (or PIK3R1) mutations. In this

patient population, off-target inhibition of PI3Kβ, PI3Kδ, and PI3Kγ may cause

unnecessary adverse events related to metabolic function, immune suppression, or

activation. Avoiding adverse events related to inhibition of isoforms that do not

contribute to efficacy is hypothesized to lead to greater efficacy compared to

pan-inhibitors like pictilisib and buparlisib within this PIK3CA mutant population.
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PI3Kβ IC50 = 7 nM
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F

Scheme 7 Replacement of the anthranilic acid and re-distribution of polarity led to analog 26

(Papp measured in a Caco-2 cell line)
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4.3.1 GDC0032 (Taselisib), PI3Kα/δ/γ

At the AACR in 2013, researchers at Genentech reported the structure and preclin-

ical activity of GDC0032 (Olivero et al. [58], later given the generic name

taselisib). GDC0032 (27) is a pan PI3K inhibitor with the exception that it substan-

tially spares the PI3Kβ isoform. The desired profile at this stage of Genentech’s
PI3K effort was to eliminate PI3Kβ activity with the hypothesis that resultant

compounds would have decreased metabolic effects in patients. GDC0032 was

discovered through a combination of structure and property guided optimization

from high-throughput screening hit thienobenzopyran 28 [59]. Throughout optimi-

zation, starting from lipophilic lead compound 28, polarity was progressively

increased and LLE improved (Scheme 8).

A positional scan of arene substituents of compound 28 identified a modest

potency improvement with 2-chloroarene 29 substitution. Thienobenzopyran com-

pounds such as 28 and 29 possess a doubly activated methylene believed likely

susceptible to metabolism. In addition, many compounds made were found to be

unstable presumably via hydrolytic ring opening at this position. Simple ring

expansion to thienobenzoxepin 30 resulted in a ~5-fold increase in biochemical

potency and solved chemical stability issues [59]. Metabolic stability determined

through in vitro and in vivo experimentation was still poor for this chemical series

(i.e., 30, HLM Clhep > 18 mL/min/kg, rat Clp ¼ 60 mL/min/kg). Researchers

hypothesized that cleavage of the aniline amide could be leading to instability

and the concomitant production of potentially reactive/toxic metabolites. The

hypothesis was supported by substantial turnover of most compounds from this

series was observed in HLM in the absence of NADPH. The investigators sought to

modify amide substitution, as in analogs 31 and 32, but potency was decreased

substantially. Presumably this is a result of the unique cis-amide preferred small

molecule conformation of N-methyl aniline amides (Scheme 9).

Isosteric replacement of the N-methyl amide with 5- and 6-membered hetero-

cycles that would enforce the observed binding conformation was successful (Fig. 9;

Staben et al. [60]). This replacement, in turn, allowed replacement of the arene with

smaller alkyl substituents. A class effect was noted in this effort: greater aqueous

solubility, passive permeability, and HLM stability for alkyl-substituted hetero-

cyles compared to compounds possessing the N-methyl amide. For alkyl triazole
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PI3Kα K i,app = 0.29 nM
isoform selectivity:
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Scheme 8 Chemical structures of thienobenzopyran HTS hit 28 and benzoxazepin GDC-0032 (27)
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34, higher solubility and permeability improved bioavailability. A large improve-

ment in rodent free clearance and free exposure on oral dosing was observed. A

crystal structure of compound 34 in p110γ confirmed polar back pocket interactions

of the triazole.

Additional efforts focused on improving selectivity over PI3Kβ and structural

replacement of the thiophene (Scheme 10). Compound 34 had ~7-fold selectivity

for PI3Kα over PI3Kβ and this could be improved through larger substitution at the

8-position of the tricyclic core [59, 61]. For example, compound 35 and 27 possess

8-(4-pyrazolyl) substitution and had 56- and 31-fold selectivity over PI3Kβ, respec-
tively. Five-membered heteroarenes were designed to maintain appropriate bi-aryl

dihedral with the 1-isopropyl-1,2,4-triazole. The replacement of the core thiophene

with an imidazole gave inhibitors with the highest LLE and superior ADME

properties; most notable was an improvement in free clearance that allowed for

higher free exposure. This trend is observed across a series of matched pairs looking
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28 (R = F, n = 1)
PI3Kα IC50 = 0.254 μM
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Scheme 9 Ring expansion to thienobenzoxepin 30 and attempted aniline amide replacement
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Fig. 9 (a) Alkyl triazole 34 had improved ADME properties with maintained potency. (b) Crystal

structure of compound 34 in p110γ (pdb id: 4HLE) [60]. The triazole makes polar contacts within

the phosphate binding region including accepting an H-bond from catalytic Lys833
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at direct replacement of the 5-membered ring [34]. This imidazole is a key feature

in GDC0032 (compound 27).

Selectivity over PI3Kβ was followed empirically throughout the optimization

process as there was only access to crystal structures of compounds bound to

PI3Kγ. Publication of crystal structures of all PI3K isoforms has allowed subse-

quent evolution of a model for observed selectivity for compounds like 27 and 35

[28]. A conserved tryptophan among the PI3K isoforms is predicted to be in close

proximity to the 1-alkylpyrazole substituent. This tryptophan adopts a unique orien-

tation in PI3Kβ which is hypothesized to be driven by steric insult of nearby residues.
This conformer would result in greater steric clash with the 1-alkylpyrazole

substituent.

Compound 27 inhibits pAKT and proliferation in an MCF7-neo/HER2 cell line

at IC50 values equal to 4 and 25 nM, respectively. Maximal suppression of pAKT

and tumor growth stasis is observed in an MCF7-neo/HER2-xenograft model at

doses �5.8 mg/kg.

A notable feature of GDC0032 is its reported mutant selectivity [58, 62,

63]. While most PI3K inhibitors have increased anti-proliferative activity in

PIK3CA-mutant cell lines due to the cell lines oncogene addition, GDC0032

uniquely is able to selectively inhibit the PI3K pathway and proliferation in

PIK3CA-mutant lines compared to those that are pathway wild-type. In an isogenic

matched set containing stable knock-in of wt-PI3Kα, H1047R-PI3Kα and E545K-

PI3Kα (SW48 cells), GDC0032 selectively inhibits signaling and growth in the

mutant lines. It is anticipated that this feature could improve the ability to provide

efficacy in PIK3CA-mutant patients while minimizing wt-PI3Kα driven pharma-

cological effects.

In a phase I dose escalation that enrolled 34 patients, clinical partial responses

were observed in 5 patients treated with doses of GDC-0032 ranging from 3 to

12 mg. GDC-0032 has a notable oral half-life of 40 h. Metabolic partial responses

were observed via FDG-PET in 7 of 13 patients assessed [64]. A number of clinical

trial are ongoing including “SANDPIPER,” a phase III study to examine the

efficacy of taselisib in combination with fulvestrant in patients with ER-positive,

HER2-negative mBC enriched for patients that have PIK3CA mutant tumors [65].
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isoform selectivity:

β/α = 7x, δ/α = 0.6x, γ/α = 1.0x
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Scheme 10 Modifications from compound 34 targeted at improving selectivity over PI3Kβ and

isosteric replacement of the thiophene
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4.3.2 CH5132799, PI3Kα/β/γ

In 2011, researchers at Chugai disclosed the structure, in vitro activity, and pre-

clinical pharmacology of clinical PI3Kα/γ selective inhibitor CH5132799 (36,

Tanaka et al. [66]). CH5132799 (36) bears a 2-morpholino-dihydropyrrolopyrimidine

skeleton that was designed by a ligand based approach combining attributes of PI103

(37) and an early Chiron/Novartis PI3K inhibitor (38) (Scheme 11; Tanaka et al. [66];

Owada et al. [35]). Compound 36 is reported to have a unique profile with 9-fold and

36-fold selectivity for PI3Kα over the PI3Kβ and PI3Kδ isoforms, respectively.

An early ligand based combination of PI103 and compound 37 was 2-morpholino-

dihydropyrrolopyridine 39. Compound 39 is reported to have a PI3Kα IC50¼ 8.6 nM

(activity against other isoforms is not reported, Scheme 12). In vitro testing of phenolic

compound 39 identified glucuronidation as a potential mechanism for clearance.

Incubation of compound 39 with alamethicin-treated human or mouse liver micro-

somes with added UDPGA resulted in rapid turnover of compound 39 (T1/2¼ 11 min,

6.1 min for human and mouse, respectively). The medicinal chemistry team triaged

designs of phenolic isosteres using virtual docking in PI3Kγ and compounds were

subsequently tested for activity in the PI3Kα biochemical assay. Many common

isosteric replacements for phenols such as the indazole in compound 40 (PI3Kα
IC50 > 50 μM) were not tolerated. A 5-(2-amino)-pyrimidine replacement of the

phenol gave compound 41 with only moderate loss in potency. Notably, this com-

pound was more resistant to glucuronidation and had greater overall metabolic

stability when tested in human liver microsomes (HLM).
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Scheme 12 Isosteric replacement of the phenol of compound 39 to reduce glucuronidation

Isoform Selective PI3K Inhibitors for Treating Cancer 355



Further optimization was focused on dihydropyrrolopyrimidinyl 7-substitution

to improve ADME properties. Notably, replacing typical heteroaryl substitution as

in pyridine 41 with a methanesulfonyl (36, CH5132799, Kawada et al. [67])

reduced HLM clearance and improved bioavailability in mouse. CH5132799 (36)

possesses very high selectivity over other PIK-family kinases, such as PI3K C2 α/β,
VPS34 and mTOR. This compound has strong anti-proliferative activity in a range

of PIK3CA-mutant cancer cells (KPL4 IC50 ¼ 32 nM; T-47D IC50 ¼ 56 nM;

ME-180 IC50 ¼ 140 nM). A combination of good PK properties and strong cellular

potency in PIK3CA mutant cell lines led to strong efficacy at relatively low dose in

a number of reported efficacy studies with xenograft-implanted mice [66]. For

example, tumor regression was observed in mice containing a KPL-4 xenograft at

doses greater than 1.6 mg/kg.

A crystal structure of CH5132799 has been reported in p110γ (PDB ID: 3APC,

Fig. 10). The morpholine is in position to accept a hydrogen-bond from hinge

Val882, whilst the aminopyrimidine is in proximity to both donate hydrogen bonds

to α-C-helix Asp841 and Asp836 and accept a hydrogen-bond from the catalytic

Lys833. Although not observed, there is likely a water molecule that bridges

interaction between the remaining pyrimidine nitrogen and functional-gatekeeper

Tyr867. This same key pentad of interactions has also been described for other

classes of morpholine containing pan-PI3K inhibitors such as GDC-0980 and

BKM-120. Given the lack of disclosed isoform selectivity SAR, as well as absence

of a p110α crystal structure of CH5132799, hypotheses surrounding the structural

basis of isoform selectivity over the PI3Kδ and PI3Kβ isoforms cannot be

supported. However, the sulfonamide interestingly is directed toward the vicinity

of differences in primary sequence among the isoforms (underneath the kβ3/4
strands and adjacent to the lower hinge).

Fig. 10 X-ray structure of 36 in p110γ. The pyrimidine makes polar contacts with residues in the

phosphate binding region. The sulfonamide is directed toward the solvent front
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Data from a first-in-human study of CH5132799 was disclosed in 2014 [68].

Thirty-eight patients were treated in the dose escalation and an MTD of 48 mg BID

was determined. A metabolic partial response was observed in five of seven patients

assessed at MTD. Preliminary clinical activity was observed but no RECIST partial

or complete responses were recorded.

4.3.3 AZD8835, PI3Kα/δ

In 2015 and 2016, researchers at Astra Zeneca disclosed the structure, in vitro

activity and preclinical pharmacology of the clinical PI3K-α/δ inhibitor AZD8835

(compound 42, Barlaam et al. [69]; Hudson et al. [36]). AZD8835 (42, Scheme 13)

is reported to be a single digit nM inhibitor of PI3Kα and δ while substantially

sparing the β and γ isoforms.

Early lead compound 43 identified by Astra Zeneca researchers possessed good

potency against PI3Kα and good levels of selectivity over PI3Kβ. However,

containing a common hinge-binding aminopyrazine, these compounds were not

particularly selective over the broad kinome [70].

Crystal structures of these ligands in PI3K isoforms have not been published, but

the authors report docking studies in PI3Kα and a hypothesized binding mode. The

aminopyrazine making a donor–acceptor interaction with the hinge (Val851 and

Glu849), the pyrazine 3-substitutent directed toward the phosphate-binding region

and the 5-substituent directed toward the solvent front in between the lower hinge

and β3/4 strands. The authors hypothesize the 5-membered heteroarene is within

proximity to make a single-point interaction with Gln859 (PI3Kα) which they

believe provides their observed selectivity over PI3Kβ for the entire series.

The team pursued two strategies to improve selectivity over non-lipid kinases

while maintaining a level of isoform selectivity over the PI3Kβ isoform: modification

of the 5-membered heteroarene (pyrazole) and replacement of the benzotriazole. The

former proved effective (Scheme 14). While early lead compound 43 inhibits 13 of

76 tested kinases at >80% when tested at 1 μM concentration, compound 44

(pyrazole replaced with a 1,2,4-triazole) is significantly more selective, inhibiting

only 3 of 76 kinases at >60%. The authors provide a number of potential explana-

tions for the improved kinase selectivity resultant from this 5-membered heterocycle

42
AZD8835

clinical compoundEarly lead compound

43

PI3Kα IC50 = 6.2 nM
isoform selectivity:

β/α = 72x, δ/α = 0.9x, γ/α = 15x
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PI3Kα IC50 = 16 nM
Isoform selectivity:

β/α = 56x

Scheme 13 Early lead compound 43 and clinical PI3K α/δ inhibitor AZD8835
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modification. While designed to electronically repel with the hinge carbonyl residues

in off-target kinases, the authors hypothesize insult of residues on the p-loop of

off-target kinases and selective π-stacking with the PI3K-conserved tryptophan

(Trp780, PI3Kα) may also contribute to this desirable property.

AZD8835 (compound 42) was subsequently identified through simultaneous

optimization potency and HLM stability within a related subseries of aminopyrazines

containing a 1,3,4-oxadiazole at the 3-position (Table 4). Piperidine amide (R1),

Triazole 1-subsitution (R2), and oxadiazole 5-substitution were explored. The authors

noted larger triazole substituents, such as ethyl (46), improved potency (compare 45

to 46, Table 4). Amongst disclosed examples, human liver microsome stability

seemed to roughly correlate with measured Log D7.4. Piperidine amide substitution

was modified to decrease Log D and resulted in stable compound 42.

The reported biochemical isoform selectivity for AZD8835 has been supported

by additional pharmacological assessment in cell based assays [36, 69]. This mol-

ecule is very active in cells sensitive to PI3Kα inhibition (i.e., BT7H4 pAKT

IC50 ¼ 57 nM) and PI3Kδ (i.e., Jeko-1 pAKT IC50 ¼ 49 nM), but less active in

PI3Kβ-sensitive PTEN null lines (i.e., MDA-MB-468) or PI3Kγ-sensitive lines

(i.e. RAW264 cells). AZD8835 was shown to have good activity in PIK3CA-

mutant xenograft models, such as BT474 where 93% TGI was observed dosing

N

N NH2

N N
N

N
N

N
O

N

5-membered heteroarene
modification proposed to
improve kinase selectivity

13/76 non-lipid kinases 
inhibited >80% at 1 μM

43

N

N NH2

N N
NN

N N
N

O

N
Me

3/76 non-lipid kinases 
inhibited >60% at 1 μM

Me

Me

Me

Me
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Scheme 14 Kinase selectivity of compounds 43 and 44

Table 4 Structure activity and property relationships for aminopyrazine PI3K inhibitors

N

N NH2

N

N N
N

R1

O

O
N

N

R3
R2

Compound R1, R2, R3

IC50 (μM)

HLM CIint
a Log D7.4PI3Kα PI3Kβ

45 Me, Me, tBu 0.068 9.6 9.4 2.1

46 Me, Et, tBu 0.008 0.95 25 2.5

42 –CH2CH2OH, Et,
tBu 0.0062 0.431 8.1 1.9

aHuman liver microsome clearance: μL/min/mg
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AZD8835 at 25 mg/kg BID. The authors also explored intermittent dose scheduling

as a single agent or in combination [36].

AZD8835 entered a phase I clinical trial in patients with advanced solid tumors

in 2014. Results from clinical studies have not been presented to date.

4.3.4 BYL-719 (NVP-BYL-719, Alpelisib), PI3Kα

In 2013, researchers at Novartis disclosed the structure and first-in-human clinical

data PI3Kα-specific inhibitor BYL-719 (47, Gonzalez-Angulo et al. [71]). BYL-719

was generated from a medicinal chemistry campaign that spanned multiple Novartis

sites starting from screening compound acylaminothiazole 48 (Scheme 15). The

Novartis aminothiazoles, such as 42, were the first selective PI3Kα inhibitors repor-

ted and they were the first to publish a structure-based hypothesis for achieving

PI3Kα selectivity (for a similar hypothesis, see also Heffron et al. [72]).

In a 2012 publication [73], Bruce et al. disclose a parallel chemistry optimization

to make isoform selective tool compounds starting with non-selective screening hit

48. A reduction in TPSA and donor count was realized by replacement of the primary

sulfonamide with a methyl sulfone, N-pyrazole, or methyl ketone resulting in analogs

with improved cell potency as exemplified by compound 49 (Scheme 16). This

analog has moderate potency against PI3Kα, but little selectivity over the δ or γ
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isoforms. Compound 49 had an IC50 of 0.32 μM in a neutrophil/B-cell respiratory

burst assay (fMLP ¼ f-Met-Leu-Phe).

Novartis researchers hypothesized that modification near the solvent front of

ligands such as 49 (binding mode discussed later) would alter isoform selectivity as

this was a region of sequence diversity among the isoforms. They took a combi-

natorial approach to test this hypothesis. A library of 80 amines was reacted with

aminothiazoles 50 to generate ureas 51 (Scheme 16). Trends in isoform selectivity

were realized and the process repeated with more focused amine sets. An outcome

of this effort was PI3Kα selective compound 52 (Scheme 17). Compound 52 is a

single-digit nanomolar inhibitor of PI3Kα with >44-fold selectivity over the other

isoforms. Also, it isn’t active against other PIK-family kinases like mTOR,

DNA-PK, or Vps34. Quite notably this diversity approach resulted in selective

inhibitors of not only PI3Kα but also the δ and γ isoforms [73].

An improvement in physical properties of compound 52 was made by removing

of the 4-N-pyrazolobenzene and replacing with substituted pyridine and pyrimidine

derivatives. The pyridyl 2-substitution occupies the hydrophobic side of the ribose

pocket of p110α and these analogs maintained strong inhibition of PI3Kα and high

selectivity (Scheme 17 [23]). Metabolite ID of compound 53 leant evidence to

potential hydroxylation of one of the tert-butyl methyl groups. Replacement of one

of the methyls with a trifluoromethyl gave BYL-719 (47). Compared to 53, 47 had

lower turnover in rat liver microsomes and somewhat lower rat clearance in vivo.

Compound 47 was tested in cell assays to confirm isoform selectivity. Compound

47 inhibited pAKT with IC50 values of 0.074 uM, 2.2 uM and 1.2 uM in Rat1 cells

containing transfected Myr-p110α, β and δ, respectively (Myr ¼ myristoylated).

The aminothiazole core both accepts and donates a hydrogen bond to hinge-

residue Val851 (Fig. 11). Notably, there aren’t the typical significant polar inter-

actions with back-pocket residues Asp810 or Lys802 observed for most PI3-kinase

inhibitors. The trifluoromethyl substituent resides in a hydrophobic region of the

ribose pocket and potentially interacts with Lys802 via nonclassical hydrogen

bonds. Novartis researchers nicely rationalize that selective PI3Kα inhibition is

accomplished through an isoform-specific interaction between the primary amide

and Gln859. This residue deviates from glutamine in PI3Kβ (aspartate), in PI3Kδ
(asparagine), and in PI3Kg (lysine). At the time of this review, this is the only

reported structure-based hypothesis that rationalizes PI3Kα selectivity (similar to
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Scheme 17 Optimization of back pocket substitution leading to compound 47
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Heffron et al. [72]). In support of this hypothesis, a crystal structure of BYL-719 in

PI3Kα details the proximity of the key primary amide to Gln859 (Fig. 11). A series

of three hydrogen bonds are noted: the primary amide of BYL-719 accepts and

donates a hydrogen bond to Gln859 as well as accepts a hydrogen bond from a

backbone N-H from Ser854 of the lower hinge.

This structure-based rationale is backed-up by data for closely related analogs

from these optimization disclosures (Table 5). Compound 54 containing the (S)-

pyrrolidine carboxamide moiety present in BYL-719 shows good inhibition of the

PI3Kα isoform and corresponding selectivity over PI3Kβ, δ and γ. When the

a

b

Fig. 11 (a) X-ray structure of 47 in p110α (pdb id: 4JPS) [23]. (b) Expansion and schematic

highlighting interactions of the primary amide with Gln859α
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carboxamide is completely absent as in pyrrolidine 55 a large drop in activity and

isoform selectivity is observed. Similarly, secondary amide (S)-pyrrolidine N-
methyl-carboxamide 56 is quite inactive and non-selective. Even inversion of the

stereochemistry eliminated PI3Kα inhibition resulting in non-selective high micro-

molar inhibitor 57. It is indeed striking that this single residue at the solvent front of

PI3Kα can be harnessed to achieve such high selectivity.

Thirty-six patients with advanced solid tumors carrying a somatic mutation of

PIK3CA were dosed in the first-in-human study up to 450 mg/day [71]. The MTD

for once daily dosing was determined to be 400 mg/day. Four confirmed partial

responses were reported. At the time of writing, Alpelisib continues on in late stage

clinical trials, recently initiating a pivotal PhIII trial in ER+ metastatic breast cancer

in combination with letrozole. The PI3K community urgently awaits the results of

this trial of the most advanced pure PI3Kα inhibitor.

4.3.5 INK1117 (MLN1117), PI3Kα

In 2011, researchers at Intellikine announced the discovery of INK1117 and entry in

to phase I clinical trials. INK1117 was later renamed MLN1117 after Intellikine

was acquired by Millenium (Takeda) in 2011. The structure of INK1117 has not

been directly announced and there has not been a report of medicinal chemistry

optimization leading to its discovery.

To the author’s knowledge, the reported PI3Kα isoform selectivity for INK1117

is the highest for any disclosed PI3K inhibitor. It is believed that INK1117 is

exemplified in a 2011 patent application primarily disclosing a series of 5,6 and

6,5 heterobicyclic PI3K inhibitors [74]. “Compound 54” (58) from this patent

application (Scheme 18) was latter the sole exemplification in a latter Intellikine

patent application claiming a method for polymorph synthesis (58 referred to as

Formula 1, Martin et al. [75]). It was also the sole exemplification in a latter

Millenium patent application focused on pharmaceutical combinations comprising

Table 5 SAR probing the specific interaction with Gln859α contribution to isoform selectivity

S

N
H
N

O Me

NMe
Me Me

R

Compound R ¼
IC50 (μM)

PI3Kα PI3Kβ PI3Kδ PI3Kγ
54 (S)-pyrrolidine carboxamide 0.014 4.4 0.33 0.43

55 pyrrolidine 0.62 4.9 0.59 0.93

56 (S)-pyrrolidine N-methyl-carboxamide 2.7 >9.1 4.2 4.6

57 (R)-pyrrolidine carboxamide >9.1 8.2 3.3 >10
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inhibitors of PI3Ks (58 referred to as “compound A,” Zoren et al. [76]). Within this

application, clinical AE data for 35 patients treated with 58 was reported. Thus, 58

is a hypothesized but unconfirmed structure of INK1117 (MLN1117).

Although details have not been reported, INK1117 is reported to have high

isoform selectivity as a result of structure based design. Similar imidazopyridines,

such as compound 59, are known to bind to PI3K in a fashion where they accept

(and in some cases donate) a hydrogen bond from the hinge valine whilst projecting

6-substitution to the polar back pocket that contains the catalytic lysine and αC-
helix aspartate (pdb ID: 4KZC, Fig. 12). It is likely that compound 52 also binds

through in a similar orientation, accepting a hydrogen bond from Val882α and

projecting the aminobenzoxazole substituent to achieve hydrogen-bonding inter-

actions with Lys802α and Asp810α. These hypothesized interactions are with

residues conserved among the PI3K isoforms. The 3-amido-substitution of the

imidazopyridine core is hypothesized to extend toward the solvent front between

the lower hinge and β3/β4 strands. Although this is a region that has differences

among the isoforms, it is difficult to propose a rationale for the striking isoform

selectivity reported. Modelling into the active site suggests a potential single point

interaction between the morpholine oxygen and α-specific Gln859.
It is interesting that inhibitors from the 2011 patent application that are unlikely

to encroach regions of differences in primary structure possess qualitative differ-

ences in isoform selectivity. For example, structurally related quinolone 60 (exam-

ple 205, Ren et al. [74]) is reported to also have very high selectivity for PI3Kα.
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Scheme 18 Reported data and hypothesized structure (compound 58) of INK1117

Isoform Selective PI3K Inhibitors for Treating Cancer 363



malignancies were reported in 2015 [37]. At the time of report, 76 patients had

enrolled and 4 confirmed partial responses (RECIST) were observed.

5 Conclusion and Perspective

The past 15+ years of research directed at the discovery of small-molecule inhi-

bitors of PI3Ks and 9 years of clinical research has resulted in great advancements in

our understanding of the therapeutic potential of these targets. Early on, a majority

of pharmaceutical companies focused on the discovery and development of

pan-PI3K or multi-PIK family inhibitors for solid tumors. Although some would

argue the modest clinical success of these pan-inhibitors has not justified the

enormous resource investment, clinical results have supported proof-of-efficacy

and provided hypotheses for maximizing therapeutic benefits of PI3K inhibition.

Pan-PI3K inhibitors may not provide sufficient efficacy/safety in all situations and

there is a theoretical advantage to isoform-selective inhibition of PI3K. Inhibition

of PI3K isoforms that don’t contribute strongly to efficacy within a given popu-

lation can lead to undesirable pharmacology/toxicity. Indeed, the extent and duration

of the oncogenic driver, and subsequent clinical efficacy, could be limited by

toxicity driven by a lack of selectivity. Optimism remains in the form of isoform

selective inhibitors. Clinical success in treating solid tumors with PI3K inhibitors

will likely be a result of maximizing therapeutic index through this selectivity for

oncogenic drivers in diagnostically driven patient populations and appropriate

combination therapies.

Pharmaceutical research teams have now provided the tools to test these hypo-

theses. The outstanding, transformative clinical efficacy of PI3Kδ-specific inhibitors
such as Idelalisib against hematological malignancies has proven the validity of

isoform-specific inhibition. Early clinical efficacy of PI3Kβ and PI3Kα isoform
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selective inhibitors observed in first-in-human dose escalation studies has been

promising. Ongoing, pivotal, clinical trials in combination with SOC agents will

determine if there is advantage to PI3Kα-selective or PI3Kβ-selective inhibitors in
patients with solid tumors over their pan-PI3K predecessors.
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