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ABSTRACT

The discovery of the phosphatidylinositol 3-kinase (PI 3-kinase) pathway was a major advance in understanding
eukaryotic signal transduction. The high frequency of PI 3-kinase pathway mutations in many cancers stimulated
the development of drugs targeting these oncogenic mutants. The PI 3-kinases are divided into three classes and
Class I PI 3-kinases, which catalyze the phosphorylation of phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2) to
generate phosphatidylinositol-3,4,5-trisphosphate (PIP3), are the main subject of this review. The class I PI 3-ki-
nases are made up of p110a, p110p, p1108, and p110y catalytic subunits. These catalytic subunits are consti-
tutively bound to regulatory subunits (p85x, p85p, p55y, p101, and p87 proteins). The p85/p55 regulatory
subunits heterodimerize with p110a or p1108 thereby forming complexes that are regulated chiefly by receptor
protein-tyrosine kinases. The p101 and p87 subunits heterodimerize with p110y to form complexes that are
regulated mainly by G protein-coupled receptors (GPCRs). Complexes containing the p110p subunit are activated
by receptor protein-tyrosine kinases as well as GPCRs. Following the generation of PIP3, the AKT and mTOR
protein-serine/threonine kinases are activated leading to cell growth, proliferation, and survival. Like protein
kinases, the PI 3-kinase domains consist of a bilobed structure connected by a hinge-linker segment. ATP and
most PI 3-kinase and protein kinase inhibitors form hydrogen bonds with hinge residues. The small and large
lobes of PI 3-kinases and protein kinases have a very similar three-dimensional structure called the protein kinase
fold. Both PI 3-kinases and eukaryotic protein kinases possess an activation segment that begins with a DFG triad
(Asp-Phe-Gly); the activation segment of protein kinases usually ends with an APE (Ala-Pro-Glu) signature while
that of PI 3-kinases ends with a PFXLT (Pro-Phe-Xxx-Leu-Thr) signature. Dormant PI 3-kinases have a collapsed
activation loop and active PI 3-kinases have an extended activation loop. The distance between the a-carbon
atom of the DFG-D residue at the beginning of the activation loop and that of the PFXLT-F residue at the end of
the activation loop in dormant PI 3-kinases is about 13 A; this distance in active PI 3-kinases is about 18 A. The
protein kinase catalytic loop has an HRD (His-Arg-Asp) signature while that of the PI 3-kinases reverses the order
with a DRH triad. Alpelisib is an orally effective FDA-approved PI 3-kinase-a inhibitor used for the treatment of
breast cancer. Copanlisib, duvelisib, idelalisib, and umbralisib are PI 3-kinase-3 inhibitors that are approved for
the third-line treatment of follicular lymphomas and other hematological disorders. Copanlisib is also a potent
inhibitor of PI 3-kinase-a. Of the five approved drugs, all are orally bioavailable except copanlisib. Idelalisib
interacts with the active conformation of PI 3-kinase-8 and is classified as a type I inhibitor. Alpelisib and
copanlisib interact with inactive PI 3-kinase-a and PI 3-kinase-y, respectively, and are classified as a type 14
antagonists. Except for umbralisib with a molecular weight of 571.5, all five drugs conform to the Lipinski rule of
five for oral effectiveness. Copanlisib, however, must be given intravenously. Alpelisib and copanlisib inhibit PI
3-kinase-a, which is involved in insulin signaling, and both drugs promote insulin-resistance and produce hy-
perglycemia. The five FDA-approved PI 3-kinase inhibitors produce significant on-target toxicities, more so than
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many approved protein kinase antagonists. The development of PI 3-kinase inhibitors with fewer toxicities is an
important long-term therapeutic goal.

1. Overview of phosphatidylinositol 3-kinases and their
signaling pathways

Cell growth and proliferation in mammals are regulated by signals
initiated by numerous growth factors [1-3]. Such signals are transduced
across the plasma membrane through protein-tyrosine kinase receptors
such as the epidermal growth factor receptors [4-7], the fibroblast
growth factor receptors [8], the platelet-derived growth factor receptors
[9], the Kit stem cell factor receptor [10-12], the RET glial-cell derived
receptor [13], the ROS1 orphan receptor [14], and the vascular endo-
thelial growth factor receptors [15-17]. The receptors activate intra-
cellular signaling through the phosphatidylinositol 3-kinase (PI
3-kinase) pathway and the Ras-Raf-MEK-ERK MAP kinase pathways
[18]. In addition to growth factor receptors, the PI 3-kinase pathway is
activated by the B-cell receptor and G-protein-coupled receptors
(GPCRs) [19-21]. A simplified diagram that covers the main branches of
the MAP kinase and PI 3-kinase signaling pathways is provided in Fig. 1.

PI 3-kinase catalyzes the phosphorylation of phosphatidylinositol-
4,5-bisphosphate (PI-4,5-P2) to generate phosphatidylinositol-3,4,5-
trisphosphate (PIP3). Phosphatidylinositols are lipids made up of two
acyl chains covalently linked to glycerol (making diacylglycerol) that is

fused to the six-carbon myo-inositol headgroup as a phosphodiester.
This headgroup bears hydroxyl groups at the 2-, 3-, 4-, 5-, and 6-posi-
tions; the 3-, 4- and 5-hydroxyl groups can be phosphorylated and the
location of phosphates determines how the phosphoinositide interacts
with proteins [3]. PI 3-kinase is a generic term for the lipid kinases that
catalyze the phosphorylation of a phosphoinositide at the 3-position
according to the following chemical equation:

PI-4,5-P2 + ATP — PI-3,4,5-P3 + ADP

The PI 3-kinases are divided into three classes: class I PI 3-kinases
mediate the conversion of PI-4,5-P2 to PIP3 and include the isoforms
that are most frequently mutated in cancer. These are the main subject of
this review. The class II PI 3-kinases catalyze the conversion of PI-4-P to
PI-3,4-P2; this important signaling phospholipid occurs on early endo-
somes and participates in protein kinase AKT signaling [18,22]. Class III
PI 3-kinases mediate the conversion of PI to PI-3-P, a major phospholipid
that participates in autophagy and vesicular trafficking [23-25]. The
class IIT Vps34 was first identified in Saccharomyces cerevisiae (budding
yeast) as a protein involved vesicle-mediated Vacuolar protein sorting
(Vps) and vps34 refers to a complementation group name. Table 1
summarizes the properties of the three classes of PI 3-kinases.
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Fig. 1. MAP kinase and PI 3-kinase signaling pathways. BCR, B-cell receptor; GFR, growth factor receptor; GPCR, G protein-coupled receptor.
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Table 1
Classes of PI 3-kinases.”

PI3K Catalytic subunits (gene) tissue Regulatory subunits

Classes distribution (gene)

Class I

1A pl10a (PIK3CA) ubiquitous p85a (PIK3R1)
p110p (PIK3CB) ubiquitous p55a (PIK3R1)
p11038 (PIK3CD) hematopoietic p50a (PIK3R1)

p85p (PIK3R2)
P55y (PIK3R3)

1B p110y (PIK3CG) hematopoietic p101 (PIK3R5)
p84 (PIK3R6)

Class I

I PI3KC2a (PIK3C2A) ubiquitous None

PI3KC2p (PIK3C2B) ubiquitous
PI3KC2y (PIK3C2G) gastrointestinal tract

and liver
Class III
Complex I VPS34 (PIK3C3) ubiquitous Beclin I (BECN1)
PIK3R4 (PIK3R4)
ATG14 (ATG14)
Complex II VPS34 (PIK3C3) ubiquitous Beclin I (BECN1)

PIK3R4 (PIK3R4)
UVRAG (UVRAG)

2 Adapted from Ref. [25].

The class I PI 3-kinases are made up of catalytic subunits (p110) that
correspond to four genes (PIK3CA, PIK3CB, PIK3CD, and PIK3CG) that
encode the p110a, p110p, p1108, and p110y isoforms, respectively [25].
These catalytic subunits are constitutively bound to regulatory subunits
that correspond to five genes (PIK3R1, PIK3R2, PIK3R3, PIK3R5, and

(A) PI3Ka: p85a & p110a PDB ID: 4ovv

(B) Class IA
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PIK3R6) that encode, respectively, the p85a, p85f, p55y, p101, and p87
proteins (Fig. 2). The p85/p55 regulatory subunits heterodimerize with
p110a or p1103 thereby forming complexes that are regulated chiefly by
receptor tyrosine kinases. The p101 and p87 subunits heterodimerize
with pl10y to form complexes that are regulated mainly by G
protein-coupled receptors (GPCRs). Complexes containing the p110p
subunit are activated by receptor tyrosine kinases as well as GPCRs. The
p85/p55 regulatory subunits contain an N-terminal SH2 domain (nSH2),
a C-terminal SH2 domain (cSH2), and an inter-SH2 (iSH2) coiled-coil
domain that mediates the interaction with the various catalytic sub-
units. The SH2 domains bind to pYxxM amino acid motifs of activated
receptor protein-tyrosine kinases or their adapter proteins that result in
the recruitment of PI 3-kinases to the plasma membrane where their
substrate (PI-4,5-P2) is abundant and triggers conformational changes
that enhance PI 3-kinase catalytic activity [26,27].

PIK3CA and PIK3CB occur in all tissue types while PIK3CD and
PIK3CG are found more generally in hematopoietic and immune cells
(the C denotes catalytic and the A/B/D/G refer to the specific forms as o,
B, 8, v) [25]. Following the activation of a receptor protein-tyrosine ki-
nase by its growth factor, the activated receptor or its adapter proteins
undergo tyrosine phosphorylation on multiple YxxM motifs that in turn
interact with the SH2 domains of the p85 regulatory subunit to change
the PI 3-kinase catalytic subunit conformation while attracting it to the
substrate-rich plasma membrane, thereby resulting in the biosynthesis
of PIP3 [1]. Additionally, protein kinase AKT is activated following its
binding to PIP3 within the plasma membrane and thus mediates
downstream growth and survival pathways (Fig. 1). The PIP3 signal is
terminated by the action of phosphatases. PIP3 is converted to PI-4,5-P2
following the hydrolysis catalyzed by PTEN (phosphatase and tensin
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homolog) or it is converted to PI-3,4-P2 in a reaction catalyzed by Ship2
(phosphatidyl-3,4,5-trisphosphate 5-phosphatase) [28].

CXCR4, a member of the family of chemokine-activated G protein-
coupled receptors, is widely expressed in immune response cells. It is
involved in both cancer development and progression and is implicated
in the pathophysiology of chronic lymphocytic leukemia and small
lymphocytic lymphoma [29]. Moreover, many cancer cells express
higher levels of CXCR4 when compared with their normal cellular
counterparts. Activation of PI 3-kinase by G protein-coupled receptors
such as CXCR4 is mediated by the GB/y subunit that can bind and
activate both p110f and p110y [25]. The activation of AKT by CXCR4
follows the stimulation of p110p and p110y activity.

The PIP3 generated by the action of PI 3-kinase binds to the PH
(pleckstrin homology) domain of AKT/PKB and attracts it to the plasma
membrane [1-3]. AKT is activated following its phosphorylation cata-
lyzed by PDK1 (phosphoinositide-dependent protein kinase-1) and
mTORC2 (mammalian target of rapamycin complex-2); all three of these
enzymes are protein-serine/threonine kinases. AKT catalyzes the phos-
phorylation and inhibition of glycogen synthase kinase-3 (GSK3). AKT
also regulates the activity of TSC2 (tuberous sclerosis complex-2) and
RHEB leading to the activation of mTORC1, which participates in the
regulation of ribosomal S6 kinase (S6K) and the 4E-BP transcription
factor. As a result, the action of AKT promotes cell growth, proliferation,
survival and protein synthesis and angiogenesis (Fig. 1). Importantly,
mTORCL1 functions as a negative feedback inhibitor of mTORC2C. PI
3-kinase activation initiates a cascade of downstream signals that pro-
motes glucose uptake via GLUT1, cell growth mediated by the mTOR
complex 1 (mTORC1) containing the mammalian target of rapamycin
protein kinase (mTOR), and cell survival [3]. Owing to its pivotal role in
cell division, survival, and metabolism, there has been considerable
interest and work in targeting the PI 3-kinase pathway with novel
pharmaceuticals.

The development and activation of immune B-cells is dependent
upon the PI 3-kinase pathway involving the p1105 and p110y isoforms,
which are predominately expressed in hematopoietic cells [25]. During
B-cell development, the immunoglobulin variable (V), diversity (D), and
junction genes (J) are recombined to generate a unique sequence that
produces the B-cell receptor antigen-binding site [30]. B-cell receptor
signaling requires an intricate network of adapters and protein kinases
that convert antigen stimulation to intracellular responses. The B-cell
receptor complex is made up of the receptor bound to a disulfide-linked
Iga-Igp heterodimer as depicted in Fig. 1. After antigen stimulation of
the receptor, the Src family kinase Lyn catalyzes the phosphorylation of
pairs of tyrosine residues in Iga-IgB immunoreceptor tyrosine-based
activation motifs (ITAMs) thereby creating a docking site for the two
SH2 domains of spleen protein-tyrosine kinase (SYK) [31]. SYK then
attracts and activates PI3KS, which catalyzes the conversion of
membrane-bound PI-4,5-P2 to PIP3. The N-terminal PH lipid-interaction
module of BTK is attracted to PIP3 that stimulates SYK and Lyn to
catalyze the trans-phosphorylation of BTK at Tyr551 within the activa-
tion segment that produces an active enzyme. The attraction of BTK
dimers to membrane-bound PIP3 can also produce activation segment
trans-autophosphorylation and activation.

BTK catalyzes the phosphorylation of PLCy2 at two residues (Y753
and Y759) producing an increase in phospholipase enzyme activity [32].
PLCy2 catalyzes the hydrolysis of PI-4,5-P2 to generate inositol tri-
sphosphate (IP3) and diacylglycerol (DAG). IP3 action releases Ca’"
from intracellular stores that activate PLCy2. In turn, DAG and Ca?"
activate PKCp, which leads to the activation of the Ras/Raf/MEK/ERK
signaling module that promotes cell growth and proliferation [33-38].
SYK is also activated by the B-cell receptor leading to the phosphory-
lation of c-Cbl, which provides docking sites for the SH2 domain of the
p85 regulatory subunit of PI3Ka and subsequent activation of the cata-
lytic subunit. The PI 3-kinase-mediated module downstream of the
B-cell receptor is necessary and sufficient for B-cell survival and repre-
sents a key pathway for the pathogenesis of B-cell lymphoproliferative
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diseases including follicular lymphomas and chronic lymphocytic leu-
kemias. PI3KS mediates B-cell receptor-driven chemotaxis and prolif-
eration and PI3Ky is an important component of diverse immune
processes including T-cell functioning [29,39].

The PI 3-kinase and MAP kinase signaling modules are among the
most important oncogenic drivers of human malignancies [1-3,20,32,
40]. These evolutionarily conserved pathways relay extracellular signals
to intracellular signaling cascades. Like the PI 3-kinase pathway, the
MAP kinase pathway is activated by the same transmembrane receptors.
For example, activated EGFR becomes auto-phosphorylated at tyrosine
residues that interact with guanine nucleotide exchange factors (GEFs)
such as SOS (from Drosophila son of sevenless) as well as other adapter
proteins. These factors facilitate the conversion of dormant Ras-GDP to
the functional Ras-GTP in the plasma membrane [41-43]. These Ras
proteins toggle between dormant and active forms; the conversion of
inactive Ras-GDP to active Ras-GTP turns the switch on and the intrinsic
Ras-GTPase activity stimulated by the GTPase activating proteins
(GAPs) such as NF1 (neurofibromin-1) turns the switch off. Note that
much of PI 3-kinase and Ras biochemistry and signaling occur within the
inner leaflet of the plasma membrane.

To activate the MAP kinase module, Ras-GTP stimulates the forma-
tion of active homodimers or heterodimers made up of A/B/C-Raf by an
intricate process (the Raf acronym corresponds to Rapidly accelerated
fibrosarcoma, first described in mice). The Raf family of enzymes are
protein-serine/threonine protein kinases that catalyze the phosphory-
lation and activation of MEK1 and MEK2 (MAP/ERK Kinase). The MEK
protein kinases, in turn, catalyze the phosphorylation and activation of
ERK1 and ERK2 (Extracellular Signal-Regulated protein Kinases). The
A/B/C-Raf enzymes and MEK1/2 have very narrow substrate specificity
[37,38]. Accordingly, the only known Raf substrates are MEK1/2 and
the only known MEK1/2 substrates are ERK1/2. In contrast to these
enzyme families, ERK1/2 have broad substrate specificity and they
catalyze the phosphorylation of hundreds of different cytosolic and
nuclear proteins. The linear MAP kinase pathway branches extensively
at the ERK1/2 node. The existence of parallel pathways downstream
from activated receptors and oncogenes suggests a strategy of combining
targeted inhibitors of Raf, MEK, or ERK of the MAP kinase pathway
along with inhibition of PI 3-kinase, PKB/AKT, or mTOR of the PI3K
pathway in the treatment of various neoplasms [44].

Mutations involving the PI 3-kinase pathway are among the most
common mutations involved in the pathogenesis of cancer [40]. PIK3CA
is the second most highly mutated protein in cancer following only p53
[45]. Zhang et al. reported that PIK3CA was mutated in 14% of all
cancers and amplified in 6% of all cancers in their pan-cancer proteo-
genomic atlas [46]. They also reported that PTEN mutations occurred in
9% of all cancers in their data base. PI 3-kinase mutations and over-
expression that increase enzyme activity promote cell growth and pro-
liferation independently of growth factors and their receptors and result
in neoplastic transformation. Mutations of PIK3CA, PIK3R1, PTEN, and
AKT together occur in about one-third of all solid tumors. Besides the
high incidence of cancers with mutations involving the PI 3-kinase
pathway, increased PI 3-kinase activity has been linked to promoting
signals from other driver mutations including those of RAS [41-43] and
ERBB2/HER2 [6,7].

PI 3-kinase activation has been implicated as a mechanism of tumor
escape from HER2-targeted therapies and the combined inhibition of PI
3-kinase and HER2 has improved efficacy in preclinical studies leading
to clinical trials with combination therapy [47]. The most common PI
3-kinase pathway mutations in cancers occur in PIK3CA, which encodes
p110a [45]. This isoform is chiefly responsible for mediating signaling
by receptor protein-tyrosine kinases, making p110a an attractive ther-
apeutic target. The importance of the PI 3-kinase signaling pathway in
many cell types is underscored by the toxicities observed clinically
following the use of PI3K-p110a-specific inhibitors. An ideal drug would
inhibit the mutant protein and promote maximal cancer-specific bene-
fits, while at the same time avoiding general toxicities [3].
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2. Comparison of phosphatidylinositol 3-kinases and eukaryotic
protein kinases

The 555 members of the human protein kinase superfamily consist of
a main class of 497 eukaryotic protein kinases (ePKs) and a second class
of 58 atypical protein kinases (aPKs), which include the PI 3-kinases
[48]. The class I and class III PI 3-kinases consist of both regulatory
and catalytic subunits whereas the class II enzymes consist of only a
catalytic subunit. Nearly all of the regulatory and catalytic subunits
contain various structural and functional domains (Fig. 2). The
1068-residue PI3Ka catalytic domain contains (from the N- to C-termi-
nus) a p85-binding domain (p85-BD), a Ras-binding domain (RBD), a C2
membrane-interacting domain, a helical domain, and an N-terminal
catalytic domain (Fig. 2). The catalytic domain of the PI 3-kinases share
the prototypical structural eukaryotic protein kinase (ePK) fold (Fig. 3)
despite a lack of sequence similarity. The PI 3-kinase catalytic domain
consists of a small amino-terminal lobe and a larger carboxyterminal
lobe with an ATP-binding cleft between them. Like protein kinases, the
small PI 3-kinase lobe usually contains five p-sheets and an a-helix (Ka3
in PI 3-kinases and aC in ePKs).

In eukaryotic protein kinases, the aC-helix plays an important reg-
ulatory role existing in an active aCi, and inactive aCoyy; conformation
[49]. In the aCj, conformation, there is a salt bridge from a conserved

(A) PI3KCa PDB ID: 5dxh (C) Inactlve PI3KCa 5dxt (E)

B1/2/3/5/4
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glutamate in the aC-helix to a f3-AxK-lysine; this salt bridge is absent in
the aCoyt conformation. PI 3-kinases contain an aspartate instead of a
glutamate at a comparable position; however, this residue is too short to
make contact with a corresponding lysine residue. In contrast to
eukaryotic protein kinases, the overall structure of the small lobe of PI
3-kinases varies little, if at all, with the activation state. The loop con-
necting the f1- and p2-helices interacts with the ATP phosphates. In
protein kinases it is called the G-rich loop and consists of a GxGx@G
sequence (@ represents a hydrophobic amino acid such as phenylala-
nine). This component is called the P-loop in PI 3-kinases because its
sequence is not G-rich. In PI3Ka, the P-loop (MSSAKR) contains no
glycine residues.

Both PI 3-kinases and ePKs contain a hinge-linker that connects the
small and large lobes and the hinge of each forms hydrogen bonds with
ATP [48,50]. Both ePKs and PI 3-kinases contain an aD- and oE-helix in
the large lobe. In contrast to ePKs, PI 3-kinases lack a helix that corre-
sponds to the aF-helix. The large lobe of PI 3-kinases, however, contains
Koa4/5/6/7/8/9/10/11/12-helices. Ka4 and Ka5 correspond to the ePK
aD- and oE-helices. ePKs contain a catalytic loop that begins with HRD;
the PI 3-kinase catalytic loop has a mirrored sequence of DRH. The
HRD-aspartate of ePKs functions as a catalytic base by abstracting a
proton from the substrate during its attack on the y-phosphate of ATP
[49].

EGFR 1m14

(B) Active PI3KCa 5dxh (D) Active/inactive PI3Ka (F) Active EGFR 1m14
PDB IDs: 5dxh/5dxt

CS7.
CS7
CS8 CS5/6
CS5/6

CS3

CS4

Kall

CS7/8

Sh1/2
CS5/6
RS4
CS3/4 : =—RS3
RS2
RS1
RSO

CS1/2

Fig. 3. Overview of the structure of PI 3-kinases and EGFR. (A) Active PI3Ka. (B) Spine and shell residues of active PI3Ka. (C) Inactive PI3Ka. (D) Superposition of
the spine and shell residues of active and inactive PI3Ka. (E) Overview of the structure of active EGFR. (F) Spine and shell residues of active EGFR. The dash in (E)
depicts a polar bond. AS, activation segment; CL, catalytic loop; CS, catalytic spine; Sh, Shell; U is the U-shaped end of the activation segment of an inactive PI

3-kinase.
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Both PI 3-kinases and ePKs contain an activation segment that begins
with a DFG canonical sequence [48]. The activation segments present
their respective substrates to ATP during catalysis. The ePK activation
segments are 35-40 residues long and they usually, but not always, end
with an APE sequence [49]. The PI 3-kinase activation segments are
shorter (about 25 residues long) and they end with a PFXLT sequence
[48]. The PI 3-kinase activation loop possesses a first basic box (xKxK)
that interacts with the phosphates of the PI-4,5-P2 substrate [51]. The
activation segment of ePKs exists in an inactive closed conformation and
an active open conformation. The ePK active conformation is generally
stabilized following the phosphorylation of activation segment residues
(serine/threonine or tyrosine, depending upon the class of the protein
kinase). In marked contrast, there is no evidence that the PI 3-kinase
activation segment undergoes regulatory phosphorylation [50]. The
PFXLT sequence of PI 3-kinases is often contained within a short
two-turn helix (Fig. 3C).

Like ePKs, the activation segment of PI 3-kinases exists in an active
and inactive conformation. The analysis of Zhang et al. indicates that the
nSH2 domain of the regulatory subunit is a critical component in the
control of class IA PI 3-kinase catalytic activity by its interaction with
the activation loop [51]. The negatively charged acidic motif of nSH2
interacts with the second basic box (KRER) of the activation segment
and confines the activation loop in a closed or collapsed conformation.
When nSH2 domains interact with growth factor receptors or their
adapter proteins containing phosphotyrosines, the activation loop is
freed from the nSH2 domain and the loop becomes extended. The acti-
vation segment of dormant PI 3-kinases possesses a U-shaped confor-
mation at its end that interacts with the Kall-helix with an “in”
conformation (Fig. 3C). The activation segment of a functional enzyme
lacks the U conformation with a Kal1 ¢ structure. The distance between
the a-carbon atom of the DFG-D residue and that of the a-carbon atom of
the PFXLT-F residue for PI 3-kinases with a collapsed activation loop is
about 13 A and this distance in PI 3-kinases with an extended activation
loop is about 18 A. Overall changes in the structure of the large lobe of PI
3-kinases reflect the active and inactive states whereas the conformation

Table 2
Important residues in the human PI 3-kinases and EGFR.
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of the small lobe is the same in both states.

The PI 3-kinases contain an adenine-binding pocket, a specificity
pocket, and an affinity pocket [50,52]. As in the case of ePKs, most drugs
that target PI 3-kinases interact with the adenine pocket and form
hydrogen bonds with the hinge. Studies with PIK-39, a
quinazolinone-purine PI 3-kinase inhibitor similar to idelalisib, indi-
cated that it produced a conformational rearrangement of a conserved
methionine residue (M752 in p1108) that induces the creation of a
so-called “specificity pocket” in the ATP-binding site between this res-
idue and a conserved tryptophan (W760 in p1103). These and other
p1103&-selective compounds with their quinazolinone moiety fit snugly
into this newly formed hydrophobic pocket. The gatekeeper residue of PI
3-kinases is an isoleucine residue that forms part of the wall of a very
small hydrophobic region. Many PI3K inhibitors occupy this space,
which is called the “affinity pocket.” Table 2 provides a summary of
important residues found in human PI 3-kinases and EGFR.

Kornev et al. described eight hydrophobic residues in protein kinases
that form a catalytic or C-spine and four hydrophobic residues that form
a regulatory or R-spine [53,54]. Both spines contain amino acid residues
from both the small and large lobes. The R-spine contains one residue
from the regulatory aC-helix and another from the activation segment
(DFG-F), both of which are major regulatory components that assume
active and inactive conformations. The bottom of the R-spine within the
large lobe anchors the catalytic loop and activation segment in an active
state and the C-spine positions ATP in the active site thereby promoting
catalysis. Moreover, the proper alignment of each spine is required for
the assembly of an active enzyme as shown for the EGFR in Fig. 3F. In
the inactive aCqy structure, residue RS3 is displaced outwardly; in the
protein kinase DFG-Dyy; conformation RS2 is displaced inwardly and the
R-spine is broken (See Ref. [49] for further information and structures).

In contrast to the protein kinases, the catalytic and regulatory spines
of active and inactive PI 3-kinases are nearly superimposable (Fig. 3D).
The main structural differences between active and dormant PI 3-ki-
nases reside at the end of the activation segment and in the position of
the Kall-helix [51]. Neither of these components contain C-spine or

Protein kinase” PI3Ka PI3Kp PI3KS PI3Ky EGFR Inferred function
Kinase domain 797-1068 800-1067 774-1041 828-1073 712-979 Catalyzes substrate
phosphorylation
P-loop or GRL 772MSSAKR”77 779MDSKMK”84 752MDSKMK”>” BO4MASKKKE?? 719 GSGAFG”** Anchors ATP a- and p-phosphates
p3-strand lysine K802 K805 K779 K833 K745 Forms salt bridges with ATP «- and
B-phosphates
The Ka3-DoraC- D806 D809 D783 D837 E762 Forms salt bridges with $3-K in
E ePKs only
Hinge residues 849gyy8SL 852gyy 854 826y 828 880g Y882 791QLM7*3 Forms H-bonds with ATP-adenine
Gatekeeper 1848 1851 1825 1879 T790 Limits access to the back pocket
residue
CL 9131GDRHNSN"2° 917]GDRHSDN"2* 8911GDRHSDN®%® 944IGDRHNDN®>! 835HRDLAARN®#? Plays both structural and catalytic
roles
CL His 917 921 895 948 835 Interacts with ATP y-phosphate in
PI3Ks only
CL Asn 920 924 898 951 842 Binds Mngr 2)
Beginning DFG 933-935 937-939 911-913 964-966 855-857 Participates in the regulation of the
of AS active state
End of AS 953ppy T957 957pRILTo6! 931ppy 7935 984ppy T988 8821 884
ASD 933D 937D 911D 964D 855D Binds Mngr )
Adenine pocket 1800, Y836, F930, 1803, Y839, M926, 1777, Y813, M900, 1831, Y867, M953, L718, A743, L792, Interacts with adenine
M922 F935 Fo08 Fo61 M793, L844
Affinity pocket Y836, 1848, 1932, Y839, 1851, 1936, Y813, 1825, 1910, Y867, 1879, 1963, None Small hydrophobic pocket adjacent
D810 D813 D787 D841 to the gatekeeper in PI3Ks
Specificity M772, W780 M779, W787 M752, W760 M804, W812 None Induced by some PI3K inhibitors
pocket
No. of residues 1068 1070 1044 1102 1210
Molecular 124.3 122.8 119.5 126.5 134.3
Weight (kDa)
UniProtKB P42336 P42338 000329 P48736 P00533

accession no.

# AS, Activation Segment; CL, Catalytic Loop; GRL, glycine-rich loop.
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R-spine residues so that it is not surprising that the three-dimensional
location of these spines do not differ between active and inactive PI 3-ki-
nase conformations.

Based upon site-directed mutagenesis studies, Meharena et al.
defined three shell (Sh) residues in the PKA catalytic subunit that sup-
port the R-spine, which they called Sh1, Sh2, and Sh3 [55]. The Sh2
residue represents the protein kinase gatekeeper residue. This residue
plays a critical role in controlling access to hydrophobic pocket II (HPII)
or the back pocket of protein kinases. In contrast to the identification of
the HRD, DRH, and DFG signatures, which are related to the amino acid
sequence, the two spines were identified by their three-dimensional
location in inactive or active protein kinases [53,54]. Table 3 provides
a compilation of the spine and shell residues of select PI 3-kinases and
human EGFR. Small molecule protein kinase inhibitors regularly
interact with residues within the R-spine, C-spine, and shell residues
[56-58] and PI 3-kinase antagonists possess this property as described in
Section 5.

Most PI 3-kinase and protein kinase antagonists bind within the ATP-
binding site in the cleft that separates the small and large kinase lobes
[48]. The exocyclic amino group of ATP characteristically interacts with
a carbonyl group of the first hinge residue of PI 3-kinases and protein
kinases. The hinge-linker residues follow the f5-strand and connect the
amino-terminal and carboxyterminal lobes. For EGFR/ErbBl1, the
6-amino group of the adenine base of ATP forms a hydrogen bond with
the carbonyl oxygen of Q791 (PDB ID: 2GS6), the first hinge residue of

Table 3
Spine and shell residues in selected PI 3-kinases and human EGFR.
Symbol  KLIFS Human Human Murine Human
No.” PI3Ka PI3Ky PI3Kd EGFR
Regulatory spine
p4-strand (N- RS4 38 Y836 Y867 Y813 L777
lobe)
C-helix (N- RS3 28 L814 L845 L791 M766
lobe)
Activation RS2 82 F934 F965 Fo12 F856
loop F of
DFG (C-
lobe)
Catalytic loop RS1 68 1913 1944 1891 H835
I/H (C-
lobe)
F-helix (C- RSO None None None None D896
lobe)
R-shell
Two residues Sh3 43 G846 G877 G823 L788
upstream
from the
gatekeeper
Gatekeeper, Sh2 45 1848 1879 1825 T790
end of p5-
strand
oC-p4 loop Shl 36 1834 L865 T811 C775
Catalytic spine
p3-1/AxK CS8 15 1800 1831 1777 A743
motif (N-
lobe)
p2-strand (N- CS7 11 L779 L811 L759 V726
lobe)
p7-strand (C- CS6 77 M922 M953 M900 1844
lobe)
p7-strand (C- CS5 78 V923 1954 1901 V845
lobe)
p7-strand (C- CS4 76 1921 1952 1899 V843
lobe)
D-helix (C- CS3 53 1857 1888 1834 L798
lobe)
F-helix (C- CS2 None None None None L1907
lobe)
F-helix (C- Cs1 None None None None T903
lobe)

2 Klifs.net.
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EGFR. The adenine N1 nitrogen forms a hydrogen bond with the —-NH
group of M793, the third hinge residue. The ATP a-phosphate group
binds to the invariant AxK-K745 of the p3-strand, which in turn makes a
salt bridge with conserved E762 of the aC-helix (Fig. 4A). Furthermore,
the ATP y-phosphoryl group forms a salt bridge with Mg?*(1), which in
turn binds to DFG-D854 (not shown).

ATP binds to PI 3-kinase in a similar fashion. The 6-amino group and
purine base of ATP form hydrogen bonds with the first and third hinge
residues and the a-phosphate forms a salt bridge with a $3-strand K776
(Fig. 4B). DFG-D933 interacts with Mg2+ (1), which then interacts with
the - and y-phosphates. The asparagine at the end of the catalytic loop
(N920) interacts with Mg2+ (2) that then interacts with the p- and
y-phosphates (not shown) [59]. H936 within the activation segment acts
as a Lowry-Bronsted base (proton acceptor) to remove the proton from
the 3" —OH group of the PIP2 substrate [59]. DRH-H917 of the catalytic
loop binds to the ATP y-phosphate. In ePKs, it is the HRD-aspartate that
functions as a base to remove the proton from the protein substrate [49].
Assuming that the molecular weight of PIK3CA is 124.3 kDa and that of
PIK3R1 is 83.6 kDa, the k¢, for PI3Ka is 7.08/min (1.7 pmol/min/50 ng
of enzyme) with ATP and diC8-PIP2 as substrates as reported by
Maheshwari et al. [59]. These investigators found that the K, values for
ATP and diC8-PIP2 were 2.00 pM and 1.80 uM, respectively. Structural
studies indicate that the adenine moiety extends to the p2-strand, but

(A) ATP-human EGFR PDB ID:2gs6
B2

B4

aC
GRL
AS
aF
(B) ATP-PI 3-kinase composite
E849,7, B4
V851 ;”“
: ' }
Ka9
K776
D933
Ka10

Fig. 4. ATP-binding sites. (A) human EGFR. (B) Superposition of human PI3Ka
(PDB ID: 5dxh) and porcine PI3Ky (PDB ID: 18ex). AS, activation segment; CL,
catalytic loop; GRL, glycine-rich loop. The dashed lines depict polar bonds.
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not to the p3-strand. In comparison, many low molecular weight
ATP-competitive inhibitors of protein kinases and PI 3-kinases extend to
the p3-strand and several course even further toward the aC-helix or
Ka3-helix into the back pocket.

The PI 3-kinase pathway is activated in a broad range of cancers
including leukemias and lymphomas [1-3,20,21]. Transformed cells
must modify their metabolism and signaling to support cell growth and
division to meet the needs of the hyperproliferative state. The PI 3-ki-
nase pathway is a key signaling module that promotes nutrient up-
take, macromolecule synthesis, and cell survival and is a very common
target of activating oncogenic mutations. These alterations often involve
direct mutational activation or amplification of genes encoding key
components of the pathway; frequent findings include activation of
PIK3CA and AKTI or loss of PTEN. Activating mutations at numerous
sites in PIK3CA have been reported in tumors; however, three hot-spot
mutations (H1047R, E542K, and E545K) account for about 80% of all
somatic driver mutations in this gene [60]. These mutations alter
different PI 3-kinase domains to enhance activity. For example, the
H1047R mutation promotes the interaction of the p110 kinase domain
with cell membranes and the E542K and E545K mutations disrupt the
inhibitory interface of regulatory p85 [51].

H1047 occurs in the important Kall-helix that interacts with the
plasma membrane [51]. In the wild-type inactive enzyme, H1047 points
inward toward the kinase domain. In contrast, the longer arginine chain
in the mutant cannot be directed inward owing to steric hindrance and is
directed outward where its positive charge is poised for membrane
interaction and enzyme activation. X-ray crystal structures of the mutant
enzyme suggest that this mutation also promotes formation of an active
conformation. The hotspot E542K and E545K mutations mimic the ac-
tion of receptor protein-tyrosine kinases by releasing autoinhibition.
This action promotes conformational changes that expose the active site
of PI3Ka at the membrane. The regulation of the activity of the PI 3-ki-
nases is intricate. Among the processes involved in the regulation of
enzyme activity include changes in conformation of the enzyme from
active to inactive states as well as attraction to the plasma membrane
where the PIP2 substrate resides.

3. Protein kinase and lipid kinase inhibitor classification and
binding pockets

We divided small molecule protein kinase inhibitors into seven broad
categories: I, I'4, I1, 111, IV, V, and VI (Table 4) [56]. The majority of PI
3-kinase and ePK inhibitors bind in the ATP-binding site and are
steady-state competitive inhibitors with respect to ATP. Type II protein
kinase inhibitors bind to an inactive enzyme where the DF residues of
the DFG string have the opposite orientation when compared with active
protein kinases. The active structure is named DFG-Dj, because the
aspartate is directed inward toward the active site while type II in-
hibitors are referred to as the DFG-Dy, configuration because the
aspartate is directed away from the active site (See Refs. [49] for further

Table 4
Classification of small molecule protein kinase and PI 3-kinase inhibitors.*

Inhibitor Inhibitor properties

type

I Binds in and around the adenine-binding pocket of an active enzyme

1I2A/B Binds in and around the adenine-binding pocket of an inactive DFG-
Di, enzyme

Iz A Extends into the back cleft

1B Does not extend into the back cleft

I A/B Binds in and around the adenine-binding pocket of an inactive
eukaryotic protein kinase DFG-D,,; enzyme

111 Allosteric inhibitor bound near the adenine-binding pocket

v Allosteric inhibitor bound far from the adenine-binding pocket

A Bivalent inhibitor spanning two kinase domain regions

VI Covalent inhibitor

# Adapted from Ref. [56].
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descriptions and structures). Inhibitors bound to an inactive PI 3-kinase
with DFG-Dj, have been described and these correspond to type I'% in-
hibitors. Thus far, the DFG-D, configuration has not been observed in
PI 3-kinase structures and type II inhibitors are unlikely to be found. See
Ref. [48] for a summary of type III and type IV aPK and ePK inhibitors.
Type III ePK inhibitors are known, but not PI 3-kinase inhibitors. Type V
ePK inhibitors are uncommon. Six targeted covalent ePK inhibitors
(TCIs) that are FDA-approved are known (www.brimr.org/PKI/PKIs.
htm) and wortmannin and other covalent PI 3-kinase antagonists,
which are classified as type VI inhibitors, have been described [61,62].

Liao [63], van Linden et al. [64], and Kanev et al. [65] divided the
region between the amino-terminal and carboxyterminal lobes of typical
and atypical protein kinases including PI 3-kinases into the front pocket
(front cleft), the gate area, and the back cleft. A general overview
depicting these locations and their various sub-pockets is provided in
Fig. 5 and Table 5. The gate area and back cleft make up HPII (hydro-
phobic pocket II) or the back pocket. Type I inhibitors typically bind
within the front cleft or ATP-binding region. The gate area occurs be-
tween the front and back pockets. The back cleft occurs between the
gatekeeper, the aC-(ePKs) or Ka3-helices (PI 3-kinases) and the DFG
motif. Many type I'4 inhibitors occupy both the front cleft and the initial
part of the back cleft.

The average ePK drug-binding site is wider (from the aD- to aC-helix)
than that of aPKs [48]. In contrast, the average aPK drug-binding site is
deeper (from the DRH motif to the hinge) than that of ePKs. One of the
goals in the development of small molecule protein kinase and lipid
kinase inhibitors is to establish selectivity in order to reduce off-target
side effects, a process that is enabled by evaluating the interaction of
drugs with their target enzymes [66-68]. Owing to the differences in the
sequences of the PI 3-kinase P-loop and the functionally similar ePK
glycine-rich loop, such variances can be exploited in the development of
inhibitors specific to either class of enzyme. Fabricating drug scaffold
substituents that bind to residues lining the sub-pockets within the cleft
plays a strategic role in drug discovery and development with the goal of
maximizing drug affinity.

van Linden et al. [64] and Kanev et al. [65] formulated a

Pl 3-kinase & protein kinase binding pockets
Hn3 Hn1

mGK Ka3/aC-

. @ helix

BP-I-A

[}
\

\

\ !

\ v

BP-II-A in

AIF BP-I-B
BP-II-B

BP-Il-in

Front Gate Back
cleft area cleft
or pocket Back pocket (HPII)

Fig. 5. Location of binding pockets for PI 3-kinases and protein kinases. AP,
adenine pocket; GK, gatekeeper; Hn, hinge.
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Table 5
Location of selected PI 3-kinase and protein kinase cleft and gate area residues.

Description” Location KLIFS residue no.”
P-loop (PI3K) or glycine-rich loop (ePK) Front cleft 4-9

p2-strand CS7 Front cleft 11

p3-strand CS8 Front cleft 15

DRH (PI3K) or HRD (ePK) Front cleft 70-72 or 68-70
Catalytic loop N Front cleft 75

p7-strand CS6 Front cleft 77

p3-strand K Gate area 17

aC-p4 penultimate back loop residue Gate area 36

Gatekeeper residue Gate area 45

The x of xDFG Gate area 80

DFG Gate area 81-83
Ka3-helix-D (PI3K) or aC-helix-E (ePK) Back cleft 24

p4-strand RS4 Back cleft 38

@ ePK, eukaryotic protein kinase.

b Refs. [64,65].

comprehensive directory that describes ligand and drug binding to more
than 5500 human and mouse protein kinase domains. Their KLIFS
(kinase-ligand interaction fingerprint and structure) compendium in-
cludes a list of 85 ligand binding-site residues occurring in both the
amino-terminal and carboxyterminal lobes; this directory facilitates the
classification of ligands and drugs depending upon their binding prop-
erties. These data assist in the detection and discovery of common and
unique drug-enzyme interactions. Moreover, these authors devised a
standard amino acid residue-numbering system that facilitates the
comparison of different protein and lipid kinase targets. Table 3 de-
scribes the relationship of the KLIFS database nomenclature and the
catalytic spine, shell, and regulatory spine amino acid
residue-numbering system and Fig. 6 illustrates the location of the KLIFS
residues within the kinase domain. Furthermore, these investigators
launched a helpful free and searchable web site that is periodically

KLIFS Residue Map

1 13*1
B1-(2 A Back loop
16 3637
strand| 3 B2/11. B3 38 38), B4
4 10 Y
Glsrlich 5 9 S 4443 40
r‘ -
Orr-loop Eig.e 46 B5 42 M
4847 18 34
49 \\“\% 19 33,35431 27822 30
25 28
. 50
Linker g M oy
51 B 22 “% aC-or.
52 78 o 20 Ka3-helix
s\ N XD FG ActSeg
aD s5 sa B7 80.81,82:83:84:85
5957 56 akE
58 sol61) 62/ 63 64 65

66
4°73.72.71.70.69-68"%7

ePK CL/PI3K CL 0 o i e
oF

Fig. 6. The location of KLIFS residues within generic PI 3-kinase and protein
kinase domains. Act Seg, activation segment. The ePK catalytic loop (CL) res-
idues are given before the slash and the PI 3-kinase catalytic loop (CL) residues
are given after the slash. Gray panels, Front cleft; Blue panels, Gate area; Yellow
panels, Back cleft.
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updated that gives complete data on the interaction of protein and lipid
kinases with ligands and drugs (klifs.net). Moreover, Carles et al.
developed a comprehensive compendium of protein and lipid kinase
inhibitors that are in clinical trials or have been approved [69]. They
produced a searchable and non-commercial web site that is updated
regularly and gives the structure of the various inhibitors, their protein
targets, the therapeutic indications, the physicochemical drug proper-
ties, the year of first approval (if applicable), and the trade name (http://
www.icoa.fr/pkidb/).

4. Breast cancer, chronic lymphocytic leukemia (CLL), small
lymphocytic lymphoma (SLL), follicular lymphoma (FL), and
marginal zone lymphoma (MZL)

Breast carcinoma is the leading cause of death from malignancies
predominantly confined to women in both the United States and
worldwide [70,71]. The number of estimated deaths per year in the
United States in 2021 is about 44,000 and the number worldwide in
2020 is about 685,000 [70,71]. For purposes of treatment, breast can-
cers are grouped into three categories, which are not mutually exclusive:
these include (i) overexpression of ERBB2/HER2/NEU or HER2-positive,
(ii) hormone receptor-positive, and (iii) triple-negative breast cancer.
Triple-negative breast cancer refers to those (i) without ERBB2 ampli-
fication or overexpression and lacking (ii) estrogen and (iii) progester-
one receptors. Wittliff reported that about 70% of breast cancers are
estrogen receptor-positive [72] and Razavi et al. [73] reported that
about 40% of estrogen receptor-positive, HER2-negative breast cancer
patients bear PIK3CA mutations so that the number of potential candi-
dates for treatment with alpelisib, which is described later, is large.
Surgery is the principal treatment modality for localized breast cancer,
followed by radiotherapy, chemotherapy, and adjuvant hormonal
therapy (with tamoxifen or an aromatase inhibitor) for hormone
receptor-positive tumors [7]. Many patients that are hormone
receptor-positive benefit from treatment with anastrozole or letrozole.
These are aromatase inhibitors that block the biosynthesis of the aro-
matic A ring of estradiol from androgenic precursors.

Chronic lymphocytic leukemia (CLL), which is a clonal B-cell disor-
der, is the most common form of leukemia in the Western hemisphere; it
accounts for about 40% of all adult leukemias [70]. The estimated
number of new cases in the United States in 2021 was 21,000 with a
male to female ratio of 3:2 and the estimated number of deaths was
4000. The median age of patients at the time of diagnosis is about 70
years [74,75]. Its diagnosis is often incidental and based upon routine
blood counts. Patients may present with fever, weight loss, night sweats,
autoimmune hemolytic anemia, or immune thrombocytopenia. Physical
examination may reveal axillary, cervical, and inguinal lymphadenop-
athy along with hepatomegaly and splenomegaly. A small percentage of
chronic lymphocytic leukemia patients progress into an aggressive large
cell lymphoma (LCL) by a transformation that is called the Richter
syndrome. Laboratory studies indicate that chronic lymphocytic leuke-
mia and large cell lymphoma cells share identical clonal origins. As a
reference, the incidence of chronic myeloid leukemia has an incidence of
about 9000 new cases in the United States per year [70] and these pa-
tients are treated with imatinib (Gleevec) and second- and
third-generation Bcr-Abl non-receptor protein-tyrosine kinase in-
hibitors. These drugs are commercially profitable and suggest a baseline
number of affected individuals that is required for the economic success
of targeted small molecule therapeutic medicinals [56].

CLL patients have elevated lymphocyte counts with more than 5000
non-proliferating clonal mature B-cells/pL, a finding that persists for
more than three months [74]. Histologically, these cells have scant
cytoplasm and dense chromatin and they lack nucleoli. Such cells ex-
press B-cell markers including CD5, CD19, CD23 antigens and they
weakly express CD20 and surface membrane immunoglobulin. Recom-
bination of variable (V), diversity (D), and joining (J) genes takes place
in the pre-germinal phase of B-cell development. Somatic mutations
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occur in the VDJ rearrangement in normal B-cells. Approximately half of
chronic lymphocytic leukemia patients have somatic mutations in the
IgV gene (IGHV-M) and thus arise from post-germinal B-cells while a
subset of patients has unmutated IgV (IGHV-UM) that arises from naive
B-cells. Patients lacking this mutation generally have a less favorable
outcome.

Unlike most leukemias, the diagnosis of CLL is not necessarily an
indication to begin treatment. Patients at early stages of the disease can
be followed without specific therapy with a median survival greater than
10 years [76]. Patients who present with bone marrow failure would
ordinarily have a median survival of only 1.5 years and thus require
immediate therapy. The following agents have been approved by the
FDA for the treatment of chronic lymphocytic leukemia: chlorambucil
(1957), cyclophosphamide (1959), fludarabine (1991), alemtuzumab
(2007), bendamustine (2008), ofatumumab (2009), rituximab in com-
bination with fludarabine and cyclophosphamide (2010), obinutuzu-
mab in combination with chlorambucil (2013), ibrutinib (2013),
acalabrutinib (2017), and venetoclax (2019) [39,76]. Chlorambucil,
cyclophosphamide, and bendamustine are alkylating agents; fludar-
abine is an anti-metabolite; alemtuzumab, ofatumumab, rituximab, and
obinutuzumab are monoclonal antibodies. Acalabrutinib and ibrutinib
are orally effective small molecule Bruton tyrosine kinase antagonists
and venetoclax is an orally effective Bcl-2 inhibitor. Duvelisib and ide-
lalisib are two PI 3-kinase inhibitors that are FDA-approved for the
third-line treatment of CLL as described later.

Small lymphocytic lymphomas (SLL) represent about 7% of non-
Hodgkin lymphomas or about 5700 cases per year in the United States
[39,70,74]. These tumors involve lymph nodes with the same B-cell
immunophenotype found in chronic lymphocytic leukemia without
leukocytosis. Patients with SLL often present with asymptomatic
lymphadenopathy. Splenomegaly is a common physical finding and the
bone marrow is often involved. Other symptoms include painless
swelling in the axilla, groin, or neck, fatigue, fever, night sweats, loss of
appetite, and weight loss. This lymphoma is treated with any of several
monoclonal antibodies such as alemtuzumab, brentuximab vedotin,
ibritumomab tiuxetan, binutuzumab, polatuzumab vedotin, ofatumu-
mab, rituximab, and tafasitamab. Numerous orally effective targeted
therapies can also be prescribed including acalabrutinib, ibrutinib,
selinexor, tazemetostat, and zanubrutinib. Three intravenous medica-
tions are also employed including belinostat, bortezomib, and romi-
depsin. Seinexor is a nuclear export inhibitor, tazemetostat is an EZH2
inhibitor, zanubrutinib is a BTK blocker, belinostat and romidepsin are
histone deacetylase inhibitors, and bortezomib is a proteosome
antagonist.

Follicular lymphomas (FL) are the second most commonly occurring
lymphoma in the United States; they account for about one-fifth of all
non-Hodgkin lymphomas and represent an incidence of about 16,000
cases annually in the United States in 2021 [70,77]. Follicular lym-
phoma is a mature B-cell lineage neoplasm. The patient median age at
the time of diagnosis is 58 years. FL patients most often present with
asymptomatic lymphadenopathy. Fever, night sweats, and weight loss
occurs in about 15% of people. Most affected individuals (80-90%)
present with advanced-stage disease (stage III or IV). Patients with
limited-stage disease (about 20%) receive (i) cyclophosphamide,
vincristine, prednisone, and bleomycin combination therapy or (ii) ra-
diation therapy; many of these individuals are cured by these in-
terventions. People with advanced-stage disease receive rituximab with
(i) cyclophosphamide, vincristine, and prednisone (CVP), (ii) cyclo-
phosphamide, doxorubicin, vincristine, and prednisone (CHOP), (iii)
bendamustine, or (iv) fludarabine, mitoxantrone, and dexamethasone.
Vincristine blocks cell division based upon its interaction with micro-
tubules, mitoxantrone is a type II topoisomerase antagonist, and pred-
nisone and dexamethasone are lympholytic glucocorticoids. Rituximab
monotherapy is commonly used for maintenance. More recent therapies
target the B-cell receptor pathway using BTK inhibitors such as ibrutinib
and acalabrutinib [39,78]. FDA-approved inhibitors targeting PI
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3-kinases are listed in Table 6 and four of them (copanlisib, duvelisib,
idelalisib, and umbralisib) are prescribed for the treatment of follicular
lymphoma.

Marginal zone lymphomas (MZL) make up about 8% of non-Hodgkin
lymphomas, amounting to about 6500 new cases in the United States
annually [70,79]. There are three subtypes of this disorder: nodal,
splenic, and extra-nodal with mucosal associated lymphoid tissue
involvement. The most common site of involvement of the mucosal
subtype is in the stomach and this is usually associated with Helicobacter
pylori infection. Early-stage MZL can be successfully treated with anti-
biotic therapy with complete regression in many cases with little
recurrence. Treatment options include amoxicillin, clarithromycin,
metronidazole, tetracycline or tinidazole. Patients with nodal disease
present with peripheral or para-aortic lymphadenopathy and bone
marrow involvement. Because nodal marginal zone lymphoma is most
often an indolent disease, such patients are treated with active surveil-
lance (i.e., watch and wait) until symptoms appear [80]. When treat-
ment is necessary, options include radiation therapy, chemotherapy and
immunotherapy with bendamustine and obinutuzumab. Ibrutinib is a
targeted covalent inhibitor (TCI) of BTK that is approved for the treat-
ment of MZL, CLL, SLL [39,78]. Patients with splenic involvement pre-
sent with cytopenias, circulating malignant lymphocytes, and
splenomegaly. About one-third of these patients do not require therapy.
When treatment is deemed appropriate, several options exist. Some
patients may receive a splenectomy; patients ineligible for surgery may
receive low-dose radiation of the spleen. Other patients may be given
rituximab, a monoclonal antibody, with or without chemotherapy. As
noted in the next section, umbralisib is approved for the second-line
treatment of patients with MZL.

5. Drug-PI 3-kinase interactions

Alpelisib is an orally effective thiazopyrrolidine derivative (Fig. 7A)
[81] that is US FDA approved for the treatment of patients with
advanced hormone receptor-positive, HER2-negative, PIK3CA-mutated
breast cancer in combination with fulvestrant (an estrogen-receptor
antagonist given IV). Wittliff reported that 70% of breast cancers are
hormone-receptor-positive [72] and the incidence of PIK3CA mutations
in hormone receptor-positive breast cancers is approximately 40% [73],
indicating that alpelisib therapy may be appropriate for a large number
of people [72,82]. In patients with PIK3CA mutations, progression-free
survival after 20 months (median) follow up was 11.0 months in the

Table 6
FDA-approved PI 3-kinase inhibitors.

Drug (Code) Year Primary Therapeutic indications”

Trade name approved targets

Alpelisib 2019 PI3Ka HR-positive, HER2-negative,
(BLY719) PIK3CA-mutated advanced breast
Piqray cancer, in combination with

fulvestrant.

Copanlisib (BAY 2017 PI3Ko/d Third-line treatment of relapsed
80-6946) follicular lymphoma (FL).
Aliquopa

Duvelisib (IPI- 2018 PI3K3 Third-line treatment of relapsed
145) Copiktra or refractory (i) CLL, (ii) SLL, or

(iii) FL.
Idelalisib (CAL- 2014 PI3KS Third-line treatment of relapsed
101) Zydelig or refractory (i) CLL in
combination with rituximab, (ii)
SLL, or (iii) FL.
Umbralisib (TGR- 2021 PI3K3 Second-line treatment and third-

1202) Ukoniq line treatment of relapsed or
refractory (i) MZL or (ii) FL,

respectively.

@ CLL, chronic lymphocytic leukemia; FL, follicular lymphoma; HER2, human
epidermal growth factor receptor-2; HR, hormone receptor; MZL, marginal zone
lymphoma; SLL, small lymphocytic lymphoma.
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Fig. 7. Structures of the FDA-approved PI 3-kinase inhibitors.

combination alpelisib plus fulvestrant cohort and 5.7 months in the
fulvestrant and placebo cohort [83]. In patients without a PIK3CA mu-
tation, progression-free survival was 7.4 months in the combination
alpelisib plus fulvestrant cohort and 5.6 months in the fulvestrant
cohort. The overall complete response rate in patients with PIK3CA--
mutated cancer was 26.6%; this response in those without mutations
was 12.8%. The rationale for the FDA approval for patients bearing
PIKCA mutations is explained by these results. The most common
adverse events included hyperglycemia (52%), nausea (51%), decreased
appetite (42%), diarrhea (40%), vomiting (31%), and maculopapular
rash (13%) [84].

Alpelisib has greater affinity for PI3Ka (ICsq value of 4.6 nM) when
compared with PI3Kf (1160 nM), PI3K& (290 nM), and PI3Ky (250 nM)
[83]. The drug is a steady-state ATP-competitive inhibitor. That alpelisib
is a PI3Ka inhibitor explains the observed hyperglycemia in patients
treated with this drug [85]. The X-ray crystal structure of the drug bound
to PI3Ka shows that the pyrrolidine nitrogen forms a hydrogen bond
with the V851 N—H group and the drug amide group forms a hydrogen
bond with the V851 carbonyl group of the third hinge residue (Fig. 8A).
The alpelisib terminal N-H group forms a hydrogen bond with the
carbonyl oxygen of S854, the fourth residue of the hinge-linker. The N—
H and carbonyl group of the drug terminal carboxamide each form a
hydrogen bond with Q859 within the aD-helix. This glutamine residue is
not conserved among the PI 3-kinases and helps to explain in part the
specificity of alpelisib.

The alpelisib-enzyme complex displays a face-to-edge aromatic
interaction with Y836 and the drug interacts hydrophobically with I800,
both components of the affinity pocket. Alpelisib makes hydrophobic
contact with three spine residues (RS4, CS6/8) and the gatekeeper res-
idue (Sh2). The medicinal also makes hydrophobic contact with the first
residue of the P-loop (M772) and W780 of the 2-strand, which make up
the specificity pocket. Apelisib makes hydrophobic contact with P778 of
the p2-strand, K802 of the p3-strand, $*°EVVR8>2, 5854, and H855 of the
hinge-linker, Q859 of the aD-helix, 1932 (the x of xDFG), and DFG-D933.
The drug occupies the front pocket and FP-II. The activation segment has
the distinct U configuration near its terminus that is characteristic of an
inactive DFG-Dj, enzyme form. The distance from the a-carbon atom of
DFG-D933 to that of PFXLT-F954 is 13.2A, which is also indicative of a
dormant enzyme form. Accordingly, alpelisib is classified as a type I'4
inhibitor [56].

Copanlisib is an imidazoquinazoline derivative (Fig. 7B) [86] that is
FDA approved for the third-line treatment of follicular lymphomas.
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Fig. 8. (A) Alpelisib-PI3Ka. (B) Copanlisib-PI3Ky. (C) Idelalisib-mouse PI3KS;
the two residues with cyan carbon atoms are those of the specificity pocket
(M752 is KLIFS residue-4; W760, KLIFS-12) and the four residues with dark
blue carbon atoms are those of the affinity pocket (D787, KLIFS-24; Y813,
KLIFS-38; 1825, KLIFS-45; 1910, KLIFS-80). The drug carbon atoms are yellow
and the dashed lines represent polar bonds. AS, activation segment; CL, cata-
lytic loop.
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Follicular lymphoma patients in clinical trials exhibited an overall
response rate of about 60%, a complete response of 14%, a median
duration of response of 14.1 months, median progression-free survival of
12.5 months, and median overall survival of 42.6 months [87-89]. The
most common adverse events reported were transient hyperglycemia in
50% of patients, transient hypertension in 29.6% of patients, diarrhea in
35.2% of patients, and neutropenia in 28.9% of patients. Copanlisib has
a more favorable safety profile than the other agents in its class with no
late-onset toxicities. However, unlike the other four PI 3-kinase in-
hibitors considered in this review, copanlisib is given intravenously on a
weekly basis (days 1, 8, and 15 of each 28-day cycle).

Copanlisib is a potent ATP-competitive inhibitor of PI3Ka (ICsg value
of 0.5 nM) and PI3K$ (0.7 nM) while it is less effective against PI3Kf
(3.7 nM) and PI3Ky (6.4 nM) [86]. The inhibition of PI3Ka explains the
hyperglycemia observed in patients receiving this medicine [85]. The
X-ray crystal structure shows that the imidazo nitrogen forms a
hydrogen bond with the N-H group of V882 (the third hinge residue)
and the terminal amino group of the drug forms hydrogen bonds with
D836 in the p3-Ka3 loop, D841 of the Ka3-helix (a component of the
affinity pocket), and DFG-D964 (Fig. 8B). The drug makes hydrophobic
contact with two spine residues (CS8/RS4) and the gatekeeper (Sh2)
residue. The agent also makes hydrophobic contact with the p1-strand
K802, the p2-strand W812 (a part of the specificity pocket), the
B3-strand 1831 and K833, the Ka3-helix 1L.838, and E880, 1881, V882,
and A885 of the hinge-linker segment, 1963 (the x of xDFG), and
DFG-D964. The drug occupies the front pocket, gate area, back pocket,
and BP-I-A/B. The activation segment has a U configuration at its end
and is characterized as an inactive enzyme form. The distance from the
a-carbon atom of DFG-D964 to that of PFXLT-F985 is 15.0 A, which is
also indicative of a dormant enzyme form. Accordingly, copanlisib is
classified as a type I'% inhibitor [56].

Idelalisib is an orally effective purine-quinazoline derivative
(Fig. 7C) that is FDA-approved for the third-line treatment of follicular
lymphoma and small lymphocytic lymphoma and as a combination
therapy with rituximab (a chimeric monoclonal antibody directed
against CD20 found on the surface of immune system B-cells) in the
treatment of chronic lymphocytic leukemia. Herman et al. demonstrated
that idelalisib promoted apoptosis in primary chronic lymphocytic leu-
kemia cells ex vivo in a dose- and time-dependent manner. In contrast to
malignant cells, idelalisib did not promote apoptosis in normal T cells or
natural killer cells, nor did it diminish antibody-dependent cellular
cytotoxicity [90]. Collectively, these studies provided the rationale for
its clinical development as a first-in-class targeted therapy for chronic
lymphocytic leukemia and related B-cell lymphoproliferative disorders
[901].

The overall response rate in an early clinical trial of idelalisib was
57% in patients with follicular lymphomas, chronic lymphocytic leu-
kemias, and small lymphocytic lymphomas [91]. The median
progression-free survival and overall survival were estimated at 11.0
months and 20.3 months, respectively. The most common adverse
events were fatigue, diarrhea, nausea, rash, chills, and pyrexia, whereas
the most frequent grade 3 or above adverse events were diarrhea and
pneumonitis. Grade 3 or higher elevation of serum transaminases
occurred in 25% of patients. Idelalisib carries a black box warning for
hepatotoxicity, severe diarrhea/colitis, pneumonitis, infection, and in-
testinal perforation [29] and early recognition of and intervention for
these toxicities will mitigate risks and maintain meaningful disease
control without compromising quality of life. In patients with
long-standing relapsed chronic lymphocytic leukemia, the rate of
progression-free survival in the idelalisib plus rituximab cohort was 93%
versus 46% in the rituximab plus placebo cohort at 24 weeks. The most
common adverse events in the combination group was pyrexia, fatigue,
nausea, and diarrhea. Patients with follicular lymphoma or small lym-
phocytic lymphoma that received idelalisib monotherapy exhibited a
rapid response to therapy (median time of 1.9 months) with a median
12.5 month response duration. The most common side effects were
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diarrhea, fatigue, nausea, cough, and pyrexia.

Idelalisib is a potent ATP-competitive inhibitor of PI3K& (ICs value
of 2.5 nM) while it is much less effective against PI3Ka (820 nM), PI3Kf
(565 nM), or PI3Ky (89 nM) [92,93]. The X-ray crystal structure of
idelalisib bound to murine PI3K5 shows that N1 of purine forms a
hydrogen bond with V828 of PI3KJ, the third hinge residue (Fig. 8C).
The drug makes hydrophobic contact with four spine residues (RS4,
CS6/7/8) and one shell residue (Sh2, the gatekeeper). It also makes
hydrophobic contact with the pl-strand T750 and F751, $2-strand P758
and L759, p3-strand 1777, as well as V827, V828, D832, and T833 of the
hinge-linker segment, and 1910 (x of xDFG). Idelalisib also makes hy-
drophobic contact with P-loop M752 and p2-strand W760 of the speci-
ficity pocket, which are colored cyan. The four residues that make up the
affinity pocket have blue carbon atoms and the drug makes hydrophobic
contact with three of them (Y813, 1825, 1910). All of these residues are
conserved in the human enzyme so that it is highly probable that ide-
lalisib binds to the human protein in an identical fashion. The drug is
found only in the front pocket of an active enzyme form (no U-shaped
activation segment terminus and a DFG-D911 — PFXLT-F932 distance of
18.3 A) and is classified as a type I inhibitor [56].

The three drugs form hydrogen bonds with the third hinge residue
and make hydrophobic contact with RS4, the gatekeeper residue (Sh2),
and catalytic spine residues CS8. Using the common KLIFS nomencla-
ture, the specificity pocket of PI 3-kinases consists of KLIFS-4 (within the
P-loop) and KLIFS-12 (B2-strand) and the affinity pocket is made up of
KLIFS-24 (Ka3-helix), KLIFS-38 (f4-strand), KLIFS-45 (gatekeeper), and
KLIFS-80 (x of xDFG) [52]. All three drugs interact hydrophobically with
KLIFS-12 of the specificity pocket and KLIFS-38/45/80 of the affinity
pocket. Alpelisib and idelalisib interact with KLIFS-4 of the specificity
pocket and copanlisib forms a hydrogen bond with KLIFS-24 of the af-
finity pocket. Copanlisib fails to interact with KLIFS-4 of the specificity
pocket and none of the three drugs interact hydrophobically with
KLIFS-24 of the affinity pocket.

Duvelisib is an orally effective isoquinoline derivative (Fig. 7D) that
is FDA-approved for the third-line treatment of relapsed or refractory
chronic lymphocytic leukemia and small lymphocytic lymphoma and
follicular lymphoma [93]. The drug is a potent ATP-competitive inhib-
itor of PI3KS with an ICs value of 2.5 nM while it is less effective against
PI3Ka (1600 nM), PI3KB (85 nM), or PI3Ky (27 nM) [94]. Unfortu-
nately, we lack X-ray crystal structures of this compound bound to its
target. However, the structure of duvelisib is similar to that of idelalisib;
duvelisib lacks a methyl group and one ring nitrogen and contains
chlorine in place of fluorine at a comparable location (Fig. 7). Based
upon the close structural similarities, it is likely that both drugs bind to
their targets in a similar fashion and duvelisib is most likely a type I
inhibitor that is found only within the front pocket.

In preclinical studies, duvelisib produced rapid inhibition of AKT
phosphorylation (a downstream marker of PI 3-kinase signaling) [38,
95] and reduced serum levels of various chemokines and cytokines
including CXCL9, CXCL10, CXCL11, and interleukin-10. Duvelisib
induced apoptosis in CLL lymphocytes, with minimal cytotoxicity
against normal B-cells [96,97]. On the other hand, the drug was some-
what cytotoxic to normal T cells and natural killer cells. Duvelisib also
resulted in approximately twice the cell death when compared with the
PI3KS inhibitor idelalisib or the PI3Ka/d antagonist copanlisib. In a
pivotal phase 3 clinical trial (DUO study), duvelisib monotherapy
resulted in a statistically significant improvement in progression-free
survival and the overall response rate compared with ofatumumab in
patients with relapsed or refractory chronic lymphocytic leuke-
mia/small lymphocytic lymphoma including those with 17p deletions
and p53 mutations [98]. Clinically meaningful reductions in target
lymph nodes were observed in most patients treated with duvelisib
(85%), representing a statistically significant treatment effect over ofa-
tumumab (16%) (P < .0001).

Umbralisib is an orally effective pyrazolo[3,4-d]pyrimidine deriva-
tive that inhibits PI3K& and is FDA-approved for the second-line
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treatment of marginal zone lymphoma and third-line treatment of
follicular lymphoma. This drug is a specific inhibitor of PI3K$ with an
ICsp value of 22 nM while its inhibitory potency against PI3Ka/B/y is
greater than 1000 nM [99]. Preclinical studies showed that umbralisib
decreased mTOR activity and inhibited the phosphorylation of the
eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1
(4E-BP1) that lead to the suppression of Myc translation to silence
Myc-dependent transcription [100]. The overall response in an early
clinical trial in patients with relapsed or refractory chronic lymphocytic
leukemia, small lymphocytic lymphoma, and B-cell and T-cell
non-Hodgkin lymphoma was 37%. The partial response rate was 33%
[101]. The most common adverse events were diarrhea (43%), nausea
(42%), and fatigue (31%). The most common grade 3 or 4 adverse events
were neutropenia (13%), anemia (9%), and thrombocytopenia (7%). In
a clinical study of relapsed or refractory marginal zone lymphoma, the
overall response rate was 55% with a complete response in 10% of pa-
tients [102]. The 12-month progression-free survival was 71%. Clinical
trials such as these led to the FDA approval of umbralisib. This agent also
inhibits casein kinase-1e, a protein serine/threonine kinase. The role
that blockade of this enzyme in the therapeutic response to umbralisib is
unknown. Unfortunately, we lack X-ray crystal structures of this com-
pound bound to its targets. The ICsq values for the five FDA-approved PI
3-kinase inhibitors considered in this review are listed in Table 7.

6. Analyses of the physicochemical properties of the FDA-
approved PI 3-kinase inhibitors

6.1. Lipinski’s rule of five (Ro5)

Alpelisib, idelalisib, duvelisib, and umbralisib are orally bioavail-
able, but copanlisib must be given intravenously. Pharmacologists and
medicinal chemists have searched for advantageous drug-like chemical
properties that yield drugs that are orally effective. Lipinski’s “rule of
five” is a computational and experimental approach that is used to es-
timate solubility, membrane permeability, and oral bioavailability in the
drug-development setting [103-110]. It is a rule of thumb that assesses
drug-likeness and governs whether an agent has the chemical and
physical properties that suggest it would be orally effective. The Lipinski
criteria were based upon data indicating that most orally effective me-
dicinals are small, moderately lipophilic, molecules. The Ro5 criteria are
used during drug development as pharmacologically effective lead
compounds are successively optimized to increase their potency while
maintaining their physicochemical properties and selectivity.

The Ro5 implies that a drug is more likely to be orally effective when
(i) the calculated Log P (cLogP) is 5 or less, when (ii) there are 5 or fewer
hydrogen-bond donors, when (iii) there are 10 (5 x 2) or fewer
hydrogen-bond acceptors, and when (iv) the molecular weight is 500
(5 x 100) or less [103]. The partition coefficient (P) is the ratio of the
solubility of the un-ionized drug in the organic phase of water-saturated
n-octanol divided by its solubility in the aqueous phase. The P value is a
surrogate for the hydrophobicity of a compound; the greater the P value,
the greater the hydrophobicity. The number of hydrogen-bond donors is
the sum of NH and OH groups in the compound. The number of
hydrogen-bond acceptors is the number of heteroatoms lacking a formal
positive charge except for heteroaromatic oxygen and sulfur atoms,
heteroaromatic pyrrole nitrogen atoms, halogen atoms, and higher

Table 7

Drug ICs, values (nM) for various human PI 3-kinase isoforms.
Drug 110a 1108 1105 110y Ref.
Alpelisib 4.6 1160 290 250 [83]
Copanlisib 0.5 3.7 0.7 6.4 [86]
Duvelisib 1600 85 2.5 27 [94]
Idelalisib 820 565 2.5 89 [92]
Umbralisib > 10,000 1120 22 1060 [99]
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oxidation states of nitrogen, phosphorus and sulfur, but it includes the
oxygen atoms bonded to them.

The Ro5 is based on the physicochemical properties of more than two
thousand reference pharmaceuticals [103]. The five FDA-approved PI
3-kinase inhibitors have a calculated Log of the partition coefficient of
less than five, fewer than five hydrogen bond donors, and fewer than 10
hydrogen bond acceptors. Of the five drugs, four have molecular weights
less than 500 except umbralisib and they fall within Lipinski’s Ro5
(Table 8). It appears that the oral ineffectiveness of copanlisib represents
an anomaly.

6.2. The importance of lipophilicity and ligand efficiency

6.2.1. Lipophilic efficiency, LipE

After the formulation of Lipinski’s Ro5 in 2001 [103], subsequent
analyses of the physicochemical properties of orally effective medicines
led to several refinements [104-110]. Lipophilic efficiency (LipE), for
example, is a property that combines potency and lipophilic-driven
binding as a strategy to increase binding efficacy during drug develop-
ment. The following formulas are used to calculate lipophilic efficiency:

LipE = pICsyp — cLogD or LipE = pK; — cLogD

Like its usage to express the molar hydrogen ion concentration as pH,
the operator p in this equation denotes the negative of the Log of the ICsg
or K;. Additionally, cLogD is the calculated Log of the Distribution co-
efficient; this quantity represents the ratio of the amount of the ionized
and un-ionized drug in the organic phase divided by its solubility in the
aqueous phase of immiscible n-octanol/water at a specified pH, which is
usually near 7.

The second term of the equation (—cLogD or minus cLogD) reflects
the lipophilicity of a pharmaceutical where c indicates that the value is
calculated based upon an algorithm representing the properties of
thousands of reference compounds. The greater the solubility of a
compound in the organic phase of an immiscible n-octanol/water
mixture, the greater its lipophilicity. Leeson and Springthorpe suggested
that drug lipophilicity, as assessed by its —cLogP value, is one of the
more important properties that should be evaluated during drug
development [106]. Their use of —cLogP was based upon studies per-
formed before the use of the distribution coefficient (D) became in
common use. For practical considerations, either cLogP or cLogD can be
used to compare a series of lead compounds.

Compounds with higher lipophilicity may exhibit enhanced binding
to adventitious targets and this property may lead to an increase in the
type of adverse events observed in the therapeutic setting. One objective
during drug development is to increase potency without simultaneously
increasing lipophilicity. Monitoring lipophilic efficiency (LipE) aids in
the optimization of lead compounds during drug development; more-
over, the same assay should be used to make such comparisons valid
[106,109]. To cite one prominent example, progress in the development
of crizotinib from lead compounds as described by Cui et al. was
monitored by using lipophilic efficiency as a numerical index of binding
effectiveness [111]. Crizotinib is approved for the treatment of
ALK-positive and ROS1-positive non-small cell lung cancer [112-114].

cLogD can be calculated by computer algorithms in a matter of mi-
nutes. Because the experimental determination of LogD is laborious,
such measurements are performed in only limited situations. Increasing
potency and decreasing the lipophilicity during drug development
generally produces drugs with improved pharmacological properties.
Smith reported that optimal values of lipophilic efficiency values range
from 5 to 10 [105]. Except for umbralisib with a LipE value of 2.62, the
other four FDA-approved PI 3-kinase inhibitors have values that are
within or are very close to this range (Table 9).

6.2.2. Ligand efficiency, LE
The ligand efficiency (LE) is a property that relates potency, or
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Table 8

Properties of FDA-approved small molecule PI 3-kinase inhibitors.”
Drug PubChem CID Formula MW (Da) HD" HA® cLogP* Rotatable bonds PSA® (A% Ring count cA’ Complexity®
Alpelisib" 56649450 C19H22F3N502S 441.5 2 8 2.31 4 129 3 1 663
Copanlisib 135565596 Ca3H2gNgO4 480.5 2 9 1.13 7 140 5 0 974
Idelalisib" 11625818 Cy2H38FN,0 415.4 2 7 2.80 5 99.2 5 1 685
Duvelisib" 50905713 Cg2H;7CINgO 416.9 2 5 3.71 4 86.8 5 1 668
Umbralisib” 72950888 C31Ho4F3N5O3 571.5 1 10 5.03 6 105 6 1 1020

2 All data from NIH PubChem except for cLogP (which was computed using MedChem Designer™, version 2.0, Simulationsplus, Inc. Lancaster, CA 93534).

b No. of hydrogen bond donors.

¢ No. of hydrogen bond acceptors.

4 Calculated Log of the partition coefficient.

¢ PSA, Polar surface area.

f CA, chiral atoms.

& Values obtained from https://pubchem.ncbi.nlm.nih.gov/.
" Orally bioavailable.

Table 9
Lipophilic efficiency (LipE) and ligand efficiency (LE) values and primary targets
of FDA-approved PI 3-kinase inhibitors.

Drug Target” K; (nM)" pKi cLogP® LipE? N°© LE'

Alpelisib PI3Ka 4.6 8.34 231 6.03 30 0.392
Copanlisib PI3Ko/d 0.5 9.30 1.13 8.17 35 0.374
Idelalisib PI3KS 2.5 8.60 2.80 5.80 31 0.391
Duvelisib PI3KS 2.5 8.60 3.71 4.89 30 0.404
Umbralisib PI3KS 22.2 7.65 5.03 2.62 42 0.256

# PI3K, phosphatidylinositol 3-kinase.

b Representative values obtained from www.ebi.ac.ug/chembl/ and from
Kklifs.net.

¢ Calculated value of the Log of the partition coefficient using MedChem
Designer™ version 2.0 Simulationsplus, Inc. Lancaster CA 93534, USA.

4 LipE = pICso — cLogP, where cLogP is the calculated value of the Log of the
partition coefficient.

¢ N, Number of heavy atoms.

f LE= —2.303RT (LogKeq)/N where N is the number of heavy (non-hydrogen)
atoms in the drug and T = 310 K.

binding affinity, to the number of non-hydrogen atoms (heavy atoms) of
a drug. The following formula is used to calculate this property:

LE = AG°/N = —RT InK,(/N = —2.303RT Log K.¢/N

AG® is the standard free energy change of an agent binding to its
enzyme target at neutral pH, R represents the universal gas constant or
energy-temperature coefficient, (0.00198 kcal/° mol), T signifies the
absolute temperature in degrees Kelvin, Keq is the value of the equilib-
rium constant, and N represents the number of heavy atoms (non-
hydrogen atoms) in the compound. Hopkins et al. suggested that optimal
values of ligand efficiency are greater than 0.3 kcal/mol [108]. The ICsg
or K; values are proxies for the equilibrium constant. At a physiological
temperature of 37 °C (310 K), this equation becomes - (2.303 x
(0.00198 kcal/mol K) x 310 K Log Keq)/N or — 1.41 Log Keq/N. Ligand
efficiency was initially suggested as a procedure for comparing drug
affinities based upon the average binding energy per atom. Ligand ef-
ficiency is especially useful in fragment-based drug discovery protocols
and, like lipophilic efficiency, its use aids in the selection of lead com-
pound derivatives [109].

Ligand efficiency corresponds to the binding affinity per heavy atom
of the ligand or agent of interest. The value of N is a substitute for the
molecular weight. The equation that is used to calculate ligand effi-
ciency indicates that the value is directly proportional to — Log Keq (a
positive number), or the binding affinity, and is inversely proportional
to the sum of heavy atoms. The values of ligand efficiency for the FDA-
approved small molecule PI 3-kinase inhibitors based upon representa-
tive ICs values are provided in Table 9. Four of the FDA-approved PI 3-
kinase inhibitors have a ligand efficiency greater than 0.3 except
umbralisib. The values for lipophilic efficiency (LipE) and ligand
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efficiency (LE) listed in Table 9 are based on data obtained under
different experimental conditions. Accordingly, these values cannot be
used to make a direct comparison of the drugs owing to the difference in
assay conditions used to obtain the data. However, these data were
obtained from different drug discovery projects and are intended to
provide representative values.

6.3. Additional chemical descriptors of orally effective drugs

To enhance criteria associated with oral effectiveness, not-
unexpectedly, the Ro5 has generated many corollaries. For example,
Veber et al. reported that the polar surface area (PSA) and the number of
rotatable bonds differentiates between agents that are and are not orally
bioavailable for a large series of substances in rats [110]. These in-
vestigators found that compounds with polar surface areas less than or
equal to 140 A2 are orally effective. The polar surface area represents the
space over all polar atoms, primarily oxygen and nitrogen, but also
including any linked hydrogen atoms. Furthermore, Veber et al. sug-
gested that the optimal number of rotatable bonds should be 10 or less
[110]. This property mirrors the molecular flexibility (degrees of
freedom) and is postulated to control passive membrane permeation.
The five FDA-approved PI 3-kinase antagonists fulfill Veber’s two
criteria. Moreover, Oprea found that the number of rings in most orally
approved drugs is three or greater, the number of rigid bonds is 18 or
greater, and the number of rotatable bonds is six or greater [115] and
the five drugs we have considered fulfill the three Oprea criteria. Based
upon these two analyses, the number of rotatable bonds in orally
effective drugs should range between six and ten.

The molecular complexity of a drug is based upon its composition,
structural features, and any symmetry elements. The parameter is
calculated using the Bertz/Hendrickson/Ihlenfeldt algorithm [116,117].
It is based upon the identity and number of the component atoms, the
nature of the chemical linkages, and their bonding pattern. The molec-
ular complexity ranges from zero for simple ions to several thousand for
complex natural products. Intuitively, larger chemicals generally
possess a higher molecular complexity value than smaller ones. The
molecular complexity values for the drugs considered in this review
were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/). Of
the five FDA-approved PI 3-kinase inhibitors, the molecular complexity
is greatest for umbralisib (Table 9). There are no optimal or recom-
mended molecular complexity values for orally effective drugs; how-
ever, this property may be helpful in determining the ease or difficulty of
drug synthesis, an important consideration in the commercial produc-
tion of pharmaceutical agents.

7. PI 3-kinase inhibitor toxicities

The discovery of the phosphatidylinositol 3-kinase (PI 3-kinase)
pathway constitutes a major advance in the understanding of


https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
http://www.ebi.ac.ug/chembl/
http://klifs.net

R. Roskoski Jr.

eukaryotic signal transduction. The high frequency of PI 3-kinase
pathway mutations in many cancers has promoted a strategy of target-
ing these oncogenic mutants. Although there have been some promising
results, targeting PI 3-kinase itself has proven challenging. The limited
success is due in part to the multiple enzyme isoforms that are so closely
related. The development of PI 3-kinase inhibitors as anticancer agents
has been limited by modest monotherapeutic efficacy and significant
adverse effects. Increasing our understanding of the complex regulatory
feedback mechanisms that are activated in response to PI 3-kinase in-
hibition may suggest strategies to increase the efficacy of PI 3-kinase
inhibitors and to minimize adverse effects and increase the usefulness
of this class of drug treatment options for multiple cancer varieties.
Given the pivotal role that PI 3-kinases play in a multitude of physio-
logical functions, there is a substantial potential for the abrogation of
essential cellular functions by PI 3-kinase inhibitors in normal tissues,
so-called “on-target” drug toxicity [19]. It is, therefore, no surprise that
progress in the clinical development of PI 3-kinase inhibitors as
single-agent anti-cancer therapies has been reduced by the difficulty of
developing agents with an optimal therapeutic window.

Loss of appetite is a serious problem in the clinical management of
nearly all cancer patients [118] and this is a common finding in patients
receiving PI 3-kinase antagonists. Some of the most common side effects
resulting from the clinical use of PI 3-kinase inhibitors are nausea,
vomiting, diarrhea, and colitis. While these are common side effects for
many drugs, the mechanism for idelalisib-induced colitis is thought to be
mediated by enhanced inflammation occurring in response to gut
pathogens [119] and there is some evidence that points to this
dose-limiting toxicity as a PI 3-kinase class effect because these enzymes
play a significant role in gut immunity, motility, and neurotransmission
[120]. Pneumonitis is a common side effect associated with the PI 3-ki-
nase inhibitors [119,121]. There is an increased risk of infection due to
the immunomodulatory effects of PI 3-kinase inhibitors that are likely
mediated through the enhanced inflammation that results in response to
pathogens present in the airways. Moreover, the PI 3-kinase pathway
plays an important role in pulmonary smooth muscle development,
contractility, and inflammation. Many studies have focused on the
regulation of the PI 3-kinase pathway as a way to control asthma and
chronic obstructive pulmonary disease [122].

The integument and skin function physiologically to promote ther-
moregulation and prevent dehydration while also providing protection
against pathogens. A maculopapular rash is one of the common dose-
limiting toxicities reported for PI 3-kinase inhibitors [19] including
idelalisib [123]. The mechanism for idelalisib-induced rash is thought to
be mediated at least in part through enhanced inflammation occurring
in response to such pathogens. On the positive side, it has been sug-
gested that clinicians could use the development of skin rashes as a
pharmacodynamic biomarker for drug titration [124] in the same way
that rashes are used to titrate the dose of EGFR inhibitors [125].

PI3Ka-specific inhibitors block insulin-stimulated glucose uptake in
vivo [85] resulting in insulin resistance. This is supported by findings
that PI3Ka is the dominant isoform required to mediate insulin and IGF-I
signal transduction in muscle, adipocytes, and liver. These organs play a
key role in the regulation of glucose metabolism. Insulin action in the
liver is critical for maintaining normoglycemia as glucose storage
(glycogenesis), breakdown (glycolysis) and production (glycogenolysis
and gluconeogenesis) are all regulated by insulin [126]. The inhibition
of insulin signaling promotes glycogen breakdown in the liver and
prevents glucose uptake in the skeletal muscle and adipose tissue and
results in transient hyperglycemia that occurs within a few hours of PI
3-kinase inhibition. The hyperglycemia is usually transient owing to the
compensatory release of insulin from the pancreas that restores normal
glucose homeostasis. However, the hyperglycemia may be prolonged or
exacerbated in patients with any degree of insulin resistance and this
may necessitate discontinuation of PI 3-kinase inhibitor therapy. Data
suggest that insulin feedback induced by PI 3-kinase inhibitors reac-
tivate the PI3K-mTOR signaling axis in tumors, thereby compromising
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their effectiveness [127].

The use of PI 3-kinase inhibitors such as copanlisib, idelalisib,
duvelisib, and umbralisib has not been as successful in the treatment of
B-cell malignancies as the use of small molecule BTK inhibitors in the
treatment of these disorders in terms of efficacy and side effects. Because
resistance to BTK antagonists invariably occurs, however, the use of
third-line PI 3-kinase inhibitors represents an important follow-up op-
tion. Apelisib has been relatively effective in the treatment of breast
cancers bearing PIK3CA mutations. Ideal drugs are those that inhibit the
mutant protein and promote maximal cancer-specific benefits while
avoiding general toxicities owing to a lack of blockade of non-mutant PI
3-kinases. The development of drugs that specifically target mutant
enzymes is a long-term goal and time will tell whether it is achievable.
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