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Abstract

Protein kinase B/AKT plays a central role in cancer. The serine/threonine kinase is overexpressed

or constitutively active in many cancers and has been validated as a therapeutic target for cancer

treatment. However, targeting the kinase activity has revealed itself to be a challenge due to non-

selectivity of the compounds towards other kinases. This review summarizes other approaches

scientists have developed to inhibit the activity and function of AKT. They consist of targeting the

pleckstrin homology (PH) domain of AKT. Indeed, upon the generation of 3-phosphorylated

phosphatidylinositol phosphates (PI3Ps) by PI3-kinase (PI3K), AKT translocates from the cytosol

to the plasma membrane and binds to the PI3Ps via its PH domain. Thus, several analogs of PI3Ps

(PI Analogs or PIAs), alkylphospholipids (APLs), such as edelfosine or inositol phosphates (IPs)

have been described to inhibit the binding of the PH domain to PI3Ps. Recent allostetic inhibitors

and small molecules that do not bind the kinase domain but affect the kinase activity of AKT,

presumably by interacting with the PH domain, have been also identified. Finally, several drug

screening studies spawned novel chemical scaffolds that bind the PH domain of AKT. Together,

these approaches have been more or less sucessful in vitro and to some extent translated in

preclinical studies. Several of these new AKT PH domain inhibitors exhibit promising anti-tumor

activity in mouse models and some of them show synergy with ionizing radiation and

chemotherapy. Early clinical trials have started and results will attest to the validity and efficacy

of such approaches in the near future.
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INTRODUCTION

Activated phosphophatidylinositol-3 kinase (PI3K) signaling is perhaps the most prevalent

signaling event in cancer [1, 2]. The pathway integrates and transduces signals from growth

factors, inflammatory stimuli [1], non-receptor oncogenic protein-tyrosine kinases [3] and

p21Ras [4]. PI3K activation leads to the increased formation of plasma membrane

PI(3,4,5)P3 and PI(3,4)P2 (herein referred to as PI3K products), which results in the

activation of pleckstrin homology (PH) domain effector proteins [5]. PH domain containing

proteins represent a wide diverse group of kinases, guanine exchange factors, structural [6]

and docking proteins [7]. Among these proteins is protein kinase B or AKT, which upon

formation of these PI3K products, translocates from the cytosol to the plasma membrane

bringing the protein into proximity with activating partners or protein substrates at the

plasma membrane. The major mechanism for the oncogenic activity of PI3K is by

preventing apoptosis through the downstream activation of AKT [2, 8] (Fig. 1A). The dual

specificity tyrosine-threonine/PI3-phosphatase tumor suppressor protein PTEN [9, 10]

prevents the accumulation of the PI3K products and, thus, attenuates PI3K/AKT signaling

[11]. PTEN is absent in a large number of human cancers including advanced prostate,

endometrial, renal, glial, melanoma, and small cell lung cancers [11]. The PI3K/AKT

pathway is activated in a large number of human cancers, either through increased input

from over-expressed or mutated receptor and non-receptor protein-tyrosine kinases,

increased input from mutant Ras, mutant activated PI3K itself, deleted PTEN, in rare cases

mutant AKT [12], or a combination of these effects. Thus, because the PI3K/AKT pathway

is turned on in many human cancers of different types, it a very attractive target for cancer

drug discovery [13].

Over the years, a significant number of direct PI3K inhibitors have been developed and

some are in early clinical development [13]. However, the involvement of PI3K on many

aspects of normal physiological signaling as well as the lingering uncertainty of the role of

different PI3K isoforms, which are not distinguished by most current inhibitors [13], has led

to a search for other sites at which to inhibit the pathway. As one of the major direct

downstream targets of PI3K, AKT plays a central role in promoting cancer cell proliferation

and survival. AKT is a validated therapeutic target for cancer treatment. However, targeting

the kinase activity has revealed itself to be a challenge due to non-selectivity of the

compounds towards other kinases. Nearly all AKT inhibitors that have been developed to

date bind to the ATP catalytic site [14]. Because of the similarity of the ATP pocket among

serine/threonine kinases, particularly AGC family kinases to which AKT belongs, achieving

target specificity has been extremely difficult [14]. The ATP-binding domain of AKT1

differs from that of PKA by only 13 amino acid residues, and none of these residues is

located in the critical binding site [15, 16] and all the reported AKT ATP-pocket inhibitors

to date also inhibit protein kinase A (PKA) [14]. In addition, because of the multifaceted

activities of AKT and kinases in the AGC family, most of the non-selective AKT inhibitors

have been shown to induce hyperglycemia and increased insulin levels [17, 18], systemic

hypotension associated with inhibition of hERG channels, and femoral artery contraction

[19]. Thus, alternative and novel approaches to targeting AKT, not involving the ATP-

binding pocket have been developed in order to achieve a better therapeutic index.
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Nevertheless, it should be noted that targeting AKT may inevitably modulate insulin

signaling and glucose homeostasis (as seen in AKT2 knockout mice [20]). Fortunately, these

side effects associated with AKT inhibition may be clinically managed using anti-

hyperglycemic drugs such as pioglitazone, a thiazolidinedione acting as ligand for the

peroxisome proliferator-activated receptor-γ transcription factor [21] or a combination of

fasting and low carbohydrate diet can potentially minimize AKT inhibition-induced

hyperglycemia [22]. This review will summarize the recent progress made in the

identification, characterization and development of novel AKT inhibitors targeting the PH

domain of the protein.

1. AKT, THE MASTER KINASE: STRUCTURE AND FUNCTION

Discovered in 1991, AKT is a 56 kDa member of the AGC serine/threonine kinase family

[23]. There are three mammalian genes giving AKT-1/α, AKT-2/β and AKT-3/γ, which

share a high degree sequence homology in their catalytic and N-terminal PH domains but

diverge in other regions of the protein [24]. AKT1 and AKT2 are ubiquitously expressed

whereas AKT3 is found predominantly in brain, heart and kidney [25, 26]. All three

isoforms undergo membrane recruitment through the N-terminal PH domain leading to

phosphorylation and activation of AKT kinase activity [24, 27]. A second important

regulatory domain is the C-terminal hydrophobic motif which may provide a docking site

for PI-dependent kinase 1 (PDK1) [27] or the interaction with other proteins such as small G

proteins (reviewed in [28]) or small protein regulators, such as TCL1. Of note, in a yeast

screening of AKT to search for an interacting AKT partner, TCL1 was shown to interact

with the PH domain of AKT [29–31]. TCL1 enhances AKT kinase activity, and therefore

functions as an AKT kinase co-activator [31]. Both AKT interaction and dimerization of

TCL1 are required for complete function of TCL1 in enhancing AKT kinase activity [32].

Transgenic mice with constitutively active AKT show increased tumor formation, including

prostate tumors [33] and multifocal mammary tumors [34–36]. AKT1 is required for tumor

formation in PTEN knockout mice and even haplodeficiency of AKT1 which reduces total

AKT activity by only ~25%, is sufficient to inhibit tumor development [37]. There is

considerable functional overlap between the different isoforms and adult mice lacking

individual AKT isoforms are viable. Proof of principle for AKT as a novel anti-cancer drug

target comes from the work of Cheng and collaborators who showed that ectopic expression

of AKT induces malignant transformation and promotes cell survival [38]. The full activity

of AKT in promoting cell survival relies on phosphorylation of a variety of targets to either

prevent the expression of death genes or to induce cell survival [39] (Fig. 1B). Promoters of

apoptosis that are inhibited by AKT include the forkhead transcription factor family

members, FKHR, FHHRL1 and AFX [39], the pro-apoptotic Bcl-2 family member Bad

[40], the apoptosis signaling kinase-1 (ASK-1) that transduces stress signals to the JNK and

p38 MAP kinase pathways [41], and procaspase-9, the initiator of the caspase cell death

cascade [42]. Targets that AKT activates to promote cell survival, are NF-κB [43] and the

cyclic AMP response element binding protein (CREB) [44]. AKT also phosphorylates

mTOR leading to the activation of p70S6kinase [45] and directly phosphorylates GSK3 [46]

contributing to cyclin D accumulation of cell cycle entry [47].
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2. PLECKSTRIN HOMOLOGY DOMAIN

The PH domain is a 100- to 120-amino acid, highly conserved, three dimensional superfold

found in over 500 human proteins [28] and is the 11th most common domain in the human

proteome [48]. Crystal structures and nuclear magnetic resonance structures of several PH

domains show a highly conserved three dimensional organization although sequence

identities are only 7% to 23%. The core of each PH domain consists of seven β-strands and a

C-terminal α-helix. PH domains can bind to phosphotyrosine and polyproline sequences,

Gβγ subunits of heterotrimeric G proteins, and phosphoinositides (PI). Thus PH domains are

capable of protein-protein interactions and in most cases the protein interaction surface does

not overlap with the lipid-binding region within the PH domain [49, 50]. Many PH domains

have been shown to bind Gβγ, some with dissociation constants on the order of 20 to 50 nM

[51, 52]. While for the majority of PH domain proteins PI binding is weak and non-specific,

a subclass of approximately 40 PH domain proteins shows high affinity for PI [53]. Based

on their differential in vitro affinities for phosphorylated phosphoinositides, PH domains can

be sub-divided into four groups (reviewed in [54]). Group 1 includes PI(3,4,5)P3-binding

PH domains such as BTK, GRP, ARNO, SOS, TIAM1, GAP and Vav proteins. Group 2

contains members that have high affinities for PI(4,5)P2 and PI(3,4,5)P3 in vitro. Preferential

binding is observed for PI(4,5)P2 in vivo since PI(4,5)P2 is much more abundant than

PI(3,4,5)P3. PH domains from this group include PLCδ, βARK, RasGAP, OSBP, DAGKδ,

IRS-1 and others. AKT and PDK1 are found in group 3 and their PH domains bind PI(3,4)P2

as well as PI(3,4,5)P3. Finally, group 4, which includes dynamin and the C-terminal PH

domain of TIAM1, exhibits relatively low affinity for the phosphoinositides. These PI-

binding PH domain proteins are important components of signal transduction pathways.

3. STRUCTURE AND FUNCTION OF THE PH DOMAIN OF AKT

As early as 1998 a model of the PH domain of AKT was published [55]. Later, in 2001 and

in collaboration with Kozikowski’s group, we performed molecular modeling studies of the

AKT PH domain and its interaction with PI [56]. The homology model for the AKT PH

domain was built based on the sequence alignment and similarities with spectrin-β

(1BTN.pdb), PLCδ1 (1MAI.pdb) and BTK (1BTW.pdb). Two crystal structures at 1.4Å [57]

and at 0.98Å [58] of the PH domain of AKT1 bound with the inositol head group of

PI(3,4,5)P3 (that is inositol(1,3,4,5)P4) were later published in 2002 and 2003 and confirmed

the exactitude of our model as well as the validity of molecular modeling techniques. The

structure of the PH domain exhibits a fold of seven β-strands and one α–helix at the C-

terminal portion of the protein. Variable loops (VL) 1–3 located between β1-β2, β3-β4 and

β6-β7, respectively, define the PI3K products binding pocket. As predicted in our model, the

positively charged residues Lys14, Arg25 and Arg86 were shown to interact with the 3- and

4-phosphate groups of the phosphoinositol head while the Arg48 residue binds the 1-

phosphate group. The 5-phosphate group did not exhibit any interaction within the binding

pocket explaining the observations that AKT can interact with both PI(3,4,5)P3 and

PI(3,4)P2 with similar affinity [59, 60]. A second cluster of basic residues was identified and

defined as Arg15, Lys20, Arg67 and Arg69. These amino acids are not involved in the binding

with Ins(1,3,4,5)P4 but could be involved in stabilizing the PH domain at the plasma

membrane by interacting with negatively charged lipids [61]. In agreement with a role of
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these residues in the activation of AKT, a mutation of Arg15Ala impaired the platelet-

derived growth factor-stimulated AKT activation [55].

Binding of AKT PH domain to PI(3,4,5)P3 leads to a change in conformation of AKT [58].

The mechanism of AKT PH domain interaction with PI(3,4,5)P3 was recently reviewed [62].

Briefly, changes in the conformation of the PI binding pocket were detected in the unbound

AKT1 PH domain (Apo form) resolved at 1.65 Å [58]. A shift in the position of VL3 of 7.4

Å was detected and a hydrophobic residue at the top of VL3 (Trp80) was found to be solvent

exposed in the Apo form. This finding indicated that Trp80 might be interacting with another

domain of AKT in the context of the full-length protein or with another protein. This

specific point was recently confirmed using an allosteric inhibitor of the AKT PH domain

[62] (details below). The binding of AKT PH domain to Ins(1,3,4,5)P4 also induced the re-

ordering of the VL2 from a flexible structure to an α-helix upon a 7.6 Å shift, creating a

patch of solvent exposed acidic residues (Asp44, Asp46, Glu49 and Glu40) whose purpose has

not yet been elucidated. Interestingly, (Glu40Lys) mutation was shown to induce an

increased AKT basal activity [55] and it seems likely to be due to an increase in the affinity

of the PH domain for the membrane. Thus the change in conformation of AKT [63] allows

the separation of the PH domain from the kinase domain leading to the closing of the cavity

and the formation of a hydrophobic groove that is conserved in other AGC kinases [64]. In

the inactive conformation of AKT, this motif would bind to Trp80 through the cavity. In the

active conformer of AKT, it is buried inside a channel in the hydrophobic groove [64] (Fig.

1A).

The movement of AKT from the cytoplasm to the plasma membrane allows the protein to be

fully activated by phosphorylation on Thr308 in the activation loop and Ser473 in the

hydrophobic motif on all three AKT isoforms [62, 65]. The kinase responsible for Thr308

phosphorylation is PDK1 [12] while the identity of the Ser473 kinase is unclear and more

than 50 potential candidate kinases have been reported including rictor-mTOR [66], DNA-

PK [67] and AKT itself [68]. When compiling the results of the recently published dynamic

studies [63], it has been proposed that PDK1 and AKT would be in constant equilibrium

between an associated and a dissociated form in the cytoplasm prior to stimulation. To date,

there is no clear evidence for the role of dimerization for AKT. Although the experimental

conditions used for obtaining crystals of the PH domain of AKT did not reveal the existence

of dimers of AKT [57], the possible formation of dimers has been suggested [69]. Early

experiments on the mechanisms of AKT activation indeed showed that the PH domain of

AKT binds to itself and mediates the formation of protein complexes [69, 70]. Indeed, the

process of dimerization in general plays a role in regulating the stability and/or activity of a

protein. This is the case, for example, for RhoA (ROCK) [71] and pleckstrin [72], two other

PH-domain containing proteins. Pertinently, we have obtained preliminary results that

support the fact that the PH domain of AKT is able to form dimers (Fig. 2A) as well as

heterodimers with the PH domain of PDK1 (Fig. 2B) in vitro using surface plasmon

resonance (SPR) spectroscopy. We were able to detect a PH domain-PH domain interaction

characterized by a nanomolar affinity between the PH domains of AKT and PDK1 which

would confirm the interactions between the two proteins observed by Calleja et al. [62].
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4. INHIBITORS OF THE PH DOMAIN OF AKT

Using inhibition of AKT PH domain/PI-Ps interactions to regulate the translocation of the

protein in the cell represents a novel approach in cancer drug discovery. This domain is

druggable by small molecule inhibitors and below is a summary of compounds which were

identified as PH domain inhibitors for AKT. Over the past 20 years, there have been an

increasing number of studies describing the identification, characterization and further

development of novel compounds that inhibit AKT via binding to the PH domain of AKT.

These compounds can be classified into five categories (Fig. 3):1) phosphatidylinositol ether

lipid analogs (PIAs), alkyl-phospholipids (APLs), and inositol phosphates (IPs); 2)

sulfonamides; 3) purine/pyrimidine analogs; 4) allosteric compounds that interact only

within the PH domain via Trp80; and 5) other inhibitors. The structures of these inhibitors

are shown in Fig. 3 and Table 1 contains information regarding binding of the inhibitors to

the PH domain.

4.1. Phosphatidyl-Inositol Ether Lipid Analogs (PIAs), Alkyl-Phospho-Lipids (APLs), and
Other Inositol Phosphate (IP) Derivatives

4.1.1. Phosphatidylinositol Ether Lipid Analog (PIAs)—Phosphatidylinositol

analogs (PIAs) were originally designed to prevent AKT translocation to the plasma

membrane and activation. The feasibility of this novel approach was first suggested by the

demonstration that D-3-deoxy-myo-inositols inhibited growth of transformed cells [73].

D-3-deoxy-phosphatidyl-myo-inositols (DPIs) that cannot be phosphorylated on the 3-

position of the myo-inositol group were first synthesized by Kozikowski et al. jointly at

Georgetown University and The University of Arizona. In an effort to increase the stability

to phospholipase, a series of 1-O-octadecyl-3-deoxy- or 3-hydroxymethyl-

phosphatidylinositol ether lipids and related carbonate analogs were synthesized [74–76].

The activity of the DPIs is summarized in the review [77]. These compounds were for the

first time demonstrated to act as inhibitors of the AKT PH domain by our group in 2003

[78]: 1-[(R)-2,3-bis(hexade-canoyloxy)propyl hydrogen phosphate]) (DPI), its ether lipid

derivative DPI 1-[(R)-2-methoxy-3-octadecyloxypropyl hydrogen phosphate] (DPIEL, 1),

and its carbonate derivative DPI 1-[(R)-2-methoxy-3-octadecyloxypropyl carbonate]

(DCIEL, 4) (Fig. 3A, compounds 1 and 4). The most active compound was D-3-deoxy-

phosphatidyl-myo-inositol 1-[(R)-2-methoxy-3-octadecyloxypropyl hydrogen phosphate]

(DPIEL). Using an ELISA-based assay, we showed that the DPIs bind to the PH domain of

AKT, trapping it in the cytoplasm (Fig. 4A) and thus preventing AKT activation. We found

using immunohistochemistry that DPIEL blocks the translocation of AKT1 from the

cytoplasm to the plasma membrane in NIH3T3 cells where it normally binds to PI3Ps in the

inner leaflet of the membrane (Fig. 4A). Interestingly, at that time, we noticed a much

dimmer staining for pSer473AKT in the presence of DPIEL(Fig. 4H). Because AKT has

been suggested to oligomerize through a PH domain interaction [69] (and see below) by

binding to the PH domain, DPIEL may prevent the oligomerization of AKT. Another

mechanism could be that DPIEL is in the plasma membrane as described similarly for alkyl-

phospholipids [79] (see below). Upon its translocation, AKT binds to DPIEL at the

membrane. The binding of DPIEL to the PH domain of AKT would induce a conformational

change preventing AKT phosphorylation and thus inducing the release of AKT back into the
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cytosol. Such a mechanism could also explain the diffuse immunohistochemical staining

observed as AKT is shuttling from the cytosol to the plasma membrane without complete

activation.

DPIEL inhibits AKT phosphorylation with an IC50 of 1.5 μM and the phosphorylation of the

downstream target BAD in PDGF-stimulated NIH3T3 cells [75]. DPIEL does not inhibit

myristoylated-AKT, a constitutively active membrane-bound AKT expressed in NIH3T3

cells, and cell growth is not inhibited, unlike in wild-type NIH3T3 cells [78]. It should be

noted that DPIEL does not affect other kinases (PKC or PDK1) and does not bind to other

PH domains such as SOS, BTK, or IRS1 ([78] and personal communication). DPIEL shows

good anti-proliferative activity against various human cancer cell lines with IC50 values in

the micromolar range. Molecular modeling and docking studies show that DPIEL binds with

much higher affinity to the AKT PH domain as compared to DPI and DCIEL. DPIEL has

demonstrated in vivo efficacy against early human MCF-7 breast cancer (T/C 20%, 10 days,

75 mg/kg/day, i.p.) and HT-29 colon cancer xenografts in mice (5 days, 150 mg/kg/day,

i.p.). DPIEL administered i.p. to mice at 150 mg/kg inhibited AKT activation in HT-29

human tumor xenografts up to 78% at 10 hours with recovery to 34% at 48 hours [80].

DPIEL is well tolerated in mice and rats with no hemolysis and no hematological toxicity.

Thus, DPIEL provided, for the first time, proof of principle that small molecule agents can

bind to the PH domain of AKT and inhibit AKT survival signaling. Although DPIEL did not

have good drug-like properties [81], it provided a pharmacological probe to help us

understand the binding of small molecules to the PH domain of AKT and was the

springboard for our rational design of small molecule inhibitors. Interestingly, we showed

that DPIEL radiosensitizes U-251 glioma cells in preliminary clonogenic assays (Fig. 4B).

As described for alkyl-phospholipids (see below), DPIEL synergizes with ionizing radiation.

Several other ether lipid analogs were concomitantly developed (see below). Although

DCIEL didn’t show any anti-tumor activity in mice [78], a derivative of DCIEL that is

hydroxymethylated on the 2-position of the inositol ring [75] exhibited some activity in

leukemia models (Fig. 3A, compound 5). Martelli et al. demonstrated a reduction of the

resistance of human leukemia cells to chemotherapeutic drugs and ionizing radiation [82].

4.1.2. Alkylphospholipids (APLs)

4.1.2.1. General Mechanism of Action of APLs: Alkylphospholipids (APLs), such as

edelfosine (7), miltefosine (8) and perifosine (9), are a group of structurally related lipids

that were shown in the late 1970s to exert anti-tumor activities in vitro and in vivo in a

selective way [83–85] (Fig. 3A). Structurally based on the scaffold of

lysophosphatidylcholine, APLs have a long hydrocarbon chain that allows easy partitioning

into the plasma membrane of cells and thus accumulation into cell membranes (reviewed in

[86]). Due to this property, APLs affect lipid metabolism and lipid-dependent signal

transduction such as lipid rafts signaling leading to apoptosis. The effects of APLs has been

shown to be most effective in metabolically active, proliferating cells, such as cancer cells,

but not in quiescent normal cells [86]. A recent review from van Blitterswijk and Verheij

describes the general mechanisms of APL cellular uptake and action [86]. APLs have been

shown to mainly inhibit phosphatidylcholine synthesis, the MAP-kinase/ERK proliferative

Meuillet Page 7

Curr Med Chem. Author manuscript; available in PMC 2014 July 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and PI3kinase/AKT survival pathways, as well as to stimulate the stress-activated protein

kinase/JNK pathway, which may also lead to apoptosis in cancer cells [86].

APLs are most promising in combination with conventional cancer therapies (see below,

“The future of AKT PH domain inhibitors” section) [87]. For example, APLs increase

cancer cell sensitivity to radiotherapy in vitro and in vivo. Indeed, APLs exhibit

radiosensitizing properties in vitro (reviewed in [88]) and in the late 1990s, edelfosine and

miltefosine were demonstrated as radiosensitizers and to reduce clonogenic survival after

ionizing radiation in KB squamous cell carcinoma cell line [87]. Other combination

strategies with perifosine are discussed in the recent review by Gills and Dennis [89]. Over

13 trials were initiated using perifosine in combination with sorafenib, sunitinib, paclitaxel,

docetaxel, lenalinomide or gemcitabine [89]. Most of the results of these trials show

promising activity, with partial or minimal response and stable disease observed in myeloma

patients treated with perifosine and dexamethasone [90].

4.1.2.2. Example of an Interesting APL: Perifosine: In the late 1990s, Engel’s group

reported the anti-tumor activity of a novel APL analog of miltefosine with a heterocycle [91]

(Fig. 3A, compound 9). This new compound named D-21266 (aka perifosine) showed a

significantly improved gastrointestinal tract tolerance [92] and inhibited cancer cell growth

with IC50 ranging from 0.2 μM to 19.9 μM as compared to its parent compound, miltefosine

with IC50 ranging from 2.3 μM to 18.7 μM. In vivo, oral doses of perifosine exhibited

antitumor effects in a DMBA-induced mammary carcinoma model in Sprague-Dawley rats

[91]. It is later, in 2001, that van Blitterswijk and coworkers from the Netherlands showed

for the first time that perifosine inhibits AKT phosphorylation in A431 cells [93]. Two years

later, the same group published an extended study demonstrating that several APLs,

including miltefosine, edelfosine and perifosine, inhibited the PI3K/AKT pathway in a dose-

dependent manner [94]. Later that year, another report demonstrated the effects of perifosine

on AKT phosphorylation and activation in PC-3 prostate cancer cells [95]. Although a

potential mechanism was proposed, i.e. perifosine itself physically occupies the PH domain

or interferes with the binding of PI(3,4,5)P3 to the PH domain of AKT; we were not able to

show direct binding of the compound to purified PH domain of AKT using SPR

spectroscopy [96], thus favoring the hypothesis that perifosine and other APLs exert their

effects through the modification of the plasma membrane. Another report which consisted of

an abstract presented at the AACR meeting in 2007 claimed that in vitro, using SPR,

perifosine inhibited the binding of the AKT-PH domain to artificial membranes containing

3% (mole/mole) PI(3,4)P2. The IC50 for this inhibition was ~10 μM [97]. Clearly, different

techniques (competitive binding assay using lipid vesicles as compared to artificial

membranes) may be at the origin of the discrepancy and it remains to be clearly

demonstrated as to whether perifosine and/or other APLs directly bind to the PI(3,4,5)P3

binding pocket of the AKT PH domain, thereby inhibiting the kinase activation.

In all, several studies are in agreement that perifosine inhibits AKT by preventing its

translocation from the cytosol to the inner leaflet of the plasma membrane [95, 98].

Perifosine inhibits AKT in vivo against myeloma, prostate cancer and glioma xenografts in

immune-compromised mice (reviewed in [99]). Interestingly, in PC-3 and DU-145

xenografts, a good correlation was observed among AKT inhibition, tumor growth inhibition
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and cumulative dose of perifosine [100]. In A431 and BT474 xenografts, perifosine was

ineffective in inhibiting tumor growth and did not inhibit AKT. Pharmacokinetic analysis of

[14C]-perifosine in blood plasma of female BALB/C nude mice bearing subcutaneous

tumors, after a single oral dose of 40 mg/kg, showed a Cmax of 5.7 μg/ml, 22 hours after

administration and a t1/2 of 137 ± 20 hours [101]. The compound is stable after 168 hours

following administration and is not metabolized as compared to the other APL, miltefosine

which is a substrate for phospholipase yielding choline, phosphocholine and 1,2-

diacylphosphocholine [102].

Taken all together, and regardless of its mechanism of action, perifosine has been tested in

clinical trials starting in the mid 2000s [101]. Compared to other APLs, in pre-clinical work

[101] as well as in clinical studies [103, 104], perifosine behaves similarly and the drug

accumulates in the small intestine creating gastrointestinal toxicity after oral intake. Gills

and Dennis have recently reviewed the clinical history of perifosine [89]. More than 20 trials

have been initiated in a variety of tumors and single-agent activity with perifosine has been

observed only in sarcoma and Waldenstrom macroglobulinemia patients with disappointing

results in prostate cancer, breast cancer, melanoma, pancreatic cancer, and head and neck

cancers (reviewed in [89]). However, as pointed out by Gills and Dennis, only two trials

evaluated the effects of perifosine on AKT inhibition in patient tissues. Clearly more studies

validating perifosine as an AKT inhibitor, with the appropriate choice of patients and

biomarkers are needed.

4.1.3. Other Phosphatidylinositol Ether Lipid Analogs (PIAs)—Similar to our

studies [78], molecular modeling was used to guide the synthesis of other

phosphatidylinositol ether lipid analogs (PIAs) designed to inhibit the PH domain of AKT

[105]. Several alkylated and dehydroxylated at position 2 on the inositol ring were

synthesized [106] (Fig. 3A, compounds 2, 3, 5, and 6). These PIAs, which have structures

based on the structure of DPIEL (see above), inhibit AKT in cancer cells with IC50s around

2–4 μM, for the most active, and selectively induce apoptosis in cells with high levels of

constitutively active AKT [105]. However, most of them were not tested in vivo for

antitumor properties in xenografts. Two years later, PIAs were shown to be somewhat

effective in vivo in a hollow fiber assay [107] but no pharmacokinetic or pharmacodynamic

studies were performed to truly asses the efficacy of this series of compounds in vivo. In

2008 PIA5 was tested in vivo in nude mice bearing LKB1-mutant H157 non-small cell lung

cancer xenografts [108] (see Fig. 3A for structure of PIA5). The compound was given i.p at

90 mg/kg for 5 days. PIA5 caused a 55% tumor growth inhibition. No corresponding

pharmacodynamic study was performed in this model. However, using another animal

model, PC-3 xenograft-AMPK activation was measured by immunohistochemistry and

immunoblotting techniques. Quantification of the staining obtained for pThr172AMPK

showed that PIA5 increased AMPK phosphorylation. Finally, taken together several

observations suggest that PIAs might have other targets in addition to AKT [107] similar to

APLs. In a recent study, PIAs were screened against a panel of purified kinases and it was

shown that active PIAs activate a single isoform of p38, p38α, in vitro and in vivo [109].

p38α activation is independent of AKT inhibition and occurs directly through mechanisms

probably based on structural features of p38α as well as indirectly through mechanisms
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involving MKK3/6 [109]. Structural similarities between DPIEL and PIAs raise the

possibility that poor bioavailability and toxicity will also be characteristic of PIA

administration in vivo, which would preclude development of PIAs as drugs. Additional

toxicological and pharmacokinetic experiments would address these issues, but no other

reports on the PIA series have been made since their synthesis in 2004 aside from those

mentioned above investigating mechanisms of action, but not pharmacologic properties.

4.1.4. Inositol Phosphates (IPs) and Other Inositol Derivatives—Another strategy,

different from the one described above, i.e. not based on the inability of PI-P to be

phosphorylated by PI3 kinase, has been undertaken by Falasca et al. [110]. It is based on the

hypothesis that specific exogenous inositol polyphosphates compete with PI(3,4,5)P3

binding to the AKT PH domain, and thus prevent AKT recruitment to the plasma membrane

and activation [110]. Over the years, this group has demonstrated the following: 1) Ins

(1,3,4,5,6)pentakisphosphate (IP5) (Fig. 3A, compound 10) and Ins (1,4,5,6)

tetrakisphosphate (IP4) enter small cell lung cancer (SCLC) cells [111], inhibit IGF-induced

tritiated thymidine incorporation in the MCF-7 human breast cancer cell line, and inhibit the

ability to form colonies in agarose [111]. 2) 50 μM of IP4 inhibits growth factor-induced

translocation of AKT-GFP in COS-7 cells [111]. 3) 50 μM of IP5 inhibits 50% pSer473-

AKT and the downstream target pSer21/9-GSK3 in SKOV3 ovarian cancer cells, and

enhances the pro-apoptotic effect of cisplatin [112]. IP5 also induces apoptosis in SKOV3

ovarian, SCLC-H69 lung and SKBR-3 breast cancer cells. Finally, IP5 sensitizes these cells

to cisplatin and etoposide. 4) IP5 inhibits FGF-induced AKT phosphorylation, thereby

blocking FGF2-mediated survival, migration and capillary tube formation of human

umbilical vein endothelial cells (HUVEC) [113]. For the first time, it has also been

demonstrated that IP5 exhibits some anti-tumor activity in SKOV3 xenografts in nude mice

and showed anti-angiogenic effects with no apparent toxicity [113]. Using Western blots, a

reduction in pSer473-AKT and pThr308-AKT was observed in the tumors following 12 days

of treatment. Of note, it was also shown that Ins(1,2,3,4,5,6)hexakisphosphate (IP6) did not

have an effect on SKOV3 tumor growth. In general, inositol polyphosphates are not likely to

be drug-like molecules used for the treatment of cancers. However, as pointed out by the

authors of this study, the inositols (especially phytic acid also known as IP6) are naturally

occurring substances present in legume and grain fibers IP6 and its dephosphorylated

metabolite (IP5) are believed to exhibit chemopreventive effects in colon cancer, prostate,

hepatocarcinoma and other cancers [114–116].

Another report from the same group describes the effects of a novel IP5 analog, the 2-O-

benzy-myo-inositol1,3,4,5,6-pentakisphosphate (2-O-Bn-InsP5) (Fig. 3A, compound 11) as a

novel PDK1 inhibitor [117] based on the work of Mills et al. [118] who described the

crystallization of the AKT PH domain with a derivative of IP4, Bz(1,2,3,4)P4. Interestingly,

rather than affecting AKT, the compound strongly inhibits PDK1 activity in vitro with an

IC50 in the low nanomolar range and exhibits a 50% anti-tumor activity in a PC-3 prostate

cancer xenograft in nude mice at 50 mg/kg after 14 days [117]. The authors hypothesized

that the effects of the compounds on AKT inhibition in vitro and in vivo, mainly at the

Thr308 site, can result from a combination of a direct effect on PDK1 kinase activity and

effects on both AKT and PDK1 recruitment to the plasma membrane. It remains unclear
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whether the compound binds directly to the PH domain(s) of PDK1 and/or AKT. In light of

the newly discovered mechanisms of AKT and PDK1 interaction and regulation [119], one

could hypothesize that the compound inhibits PDK1/AKT dimers or PDK1/PDK1

homodimers. Finally, a very recent study from John Hopkins University School of Medicine

demonstrated that the endogenous diphosphoinositol pentakisphosphate (5-PP-

[1,2,3,4,6]IP5), designated IP7, generated by the corresponding inositolphosphate-6-kinase1

(IP6K1), inhibits AKT by binding directly to the PH domain, thereby blocking the

phosphorylation on Thr308 and activation by PDK1. IP7 behaves as an endogenous negative

regulator of AKT in cells. The IC50 of IP7 for PI3Ps-induced AKT inhibition is ~1 μM in

vitro. IP7 blocks AKT translocation in mouse embryonic fibroblasts [120].

In light of the structural similarities of the phosphates group on IP7 and the sulfonamide

groups in inhibitors that we have developed to target the PH domain of AKT (see below),

one can postulate that disulfonamide-containing compounds could mimic these phosphate

groups. We have identified several of these types of compounds (Fig. 3A, compounds 14, 15
and 16) and are in the process of establishing their activity and selectivity for the PH

domains of AKT and PDK1 (Table 2, personal communication; and see supplement

information in [121]).

4.2. Sulfonamides

4.2.1. Diazo-Sulpho-Amido Inhibitors of AKT—In 2008, the crystal structure for the

PH domain of AKT1 was made available and our group used the crystal structure of

Ins(1,3,4,5)P4 with the AKT1 PH domain as a pharmacophore for a three dimensional query

search to identify compounds that would bind to the PH domain of AKT1. A virtual library

of approximately 300,000 compounds from several databases was searched. The molecule

selected as a lead was NSC348900 (herein PH-316, Fig. 3A, compound 12), with a predicted

binding affinity (KD) to the AKT1 PH domain of 1.2 μM, which was three times better than

the lipid-based compound we identified in earlier studies, DPIEL, as an AKT PH domain

binding molecule with a KD of 4.0 μM. The predicted binding of PH-316 to the PH domain

binding pocket of AKT1 showed hydrogen bonding interactions with both side chains and

backbone of protein residues. In particular, the sulfonamide group interacts with Arg86 while

similar hydrogen bonding interactions are involved with the diazopyrazolyl group and

Arg23. These two arginine residues are strongly involved in the interaction with the

phosphate head groups of the substrate Ins(1,3,4,5)P4, supporting the discovery of the

molecule as an AKT1 PH domain inhibitor. PH-316 was also shown to bind weakly to

IRS-1 but not to PDK1 using SPR studies and an ELISA-based assay (Table 1). The

compound inhibited pSer473AKT with an IC50 2- to 10-fold higher than required to bind to

the AKT1 PH domain. The phosphorylation of PDK1 and downstream target PKC were not

decreased by PH-316. PH-316 induced apoptosis in HT-29 cells [121]. However,

metabolism predictions suggested that the azo- (-N=N-) linkage in the compound and its

derivatives might be susceptible to metabolic reduction. Stability in vitro showed relatively

rapid breakdown of the compounds with half-lives of 1 hour to 2 hours. Although PH-316

did not show toxicity in animals up to 250 mg/kg, the poor solubility of the compound and

the potential metabolism of the diazo group limit the plasma concentrations that can be

achieved, thus preventing effective in vivo inhibition of AKT and possible anti-tumor
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activity [121]. Of note, a small inhibition of tumor pSer473AKT was measured 4 hours after

a single injection dose and a significant decrease in total AKT was shown at 24 hours. Taken

together, these results demonstrated the compound as the first small molecule non-

phosphoinositide selectively targeting the PH domain of AKT [121].

4.2.2. 4-Dodecyl-N-(1,3,4-thiadiazol-2-yl)benzenesulfonamide—An in silico screen

was conducted in collaboration of OpenEye Scientific Software (Santa Fe, NM) of a

database of approximately 2.3 million unique available compounds assembled from vendor

databases. From 60 hits identified, four distinct active scaffolds were identified with IC50

ranging from 1 μM to 50 μM in a cellular AKT inhibition assay [122] (Fig. 3A, compounds

12, 14, 15 and 16). To further improve the potency of the hits, several computational

approaches were employed to study binding to the PH domain of AKT as well as ADMET

properties. According to the docking studies, the sulfonyl moiety in these four compounds

acts as a hydrogen bond acceptor interacting with residues Arg23, Arg25 and Lys14.

Hydrogen bonding interactions were also observed between the nitrogen atoms in the

thiadiazolyl group and residue Glu17. The sulfonyl group interacted with the protein by

mimicking the 3-position phosphate of Ins(1,3,4,5)P4 ligand. Following structural

modifications guided by in silico docking studies [123], a lead compound, #27 (herein

PH-427, Fig. 3A, compound 13) showed dose-dependent inhibition of AKT and of the

downstream targets GSK3β and p70S6K. The IC50 was measured to be 8.6±0.8 μM and

6.3±0.9 μM in BxPC-3 and Panc-1 pancreatic cancer cell lines, respectively. Using a

competitive binding assay and SPR, the compound exhibited a Ki in the low micromolar

range (Table 1). Anti-tumor activity was shown against BxPC-3 pancreatic cancer

xenografts in scid mice with PH-427 administered at a dose of 125 mg/kg i.p., twice a day

for 5 days. PH-427 showed significant anti-tumor activity with cessation of tumor growth

and even regression during the course of treatment. Tumor growth resumed at its original

rate when the drug was removed. A single dose of PH-427 of 125 mg/kg ip caused

significant inhibition of tumor AKT measured as pSer473-AKT with up to 70% inhibition at

6 hours and 50% inhibition at 12 hours which returned to untreated levels by 24 hours [122].

These results correlated well with the plasma concentration determined at the same times

following the single dose. Thus, for the first time a small molecule compound designed as an

AKT PH domain binder inhibited AKT activity in cells and exhibited significant antitumor

activity in vivo.

The binding affinity of PH-427 to the PH domain of AKT is shown in Table 1 in comparison

to other AKT inhibitors that had been reported by others to bind to the PH domain of AKT,

namely the alkyl-phospholipids perifosine and edelfosine, and the nucleoside triciribine.

SPR measurement showed only weak binding to the domain by perifosine (Ki of 56 μM),

while edelfosine and triciribine (see below) did not bind at all (Ki>100 μM). Another agent,

MK-2206, recently reported to be an allosteric inhibitor of AKT (see below), was confirmed

by our SPR measurements, to bind only weakly to the PH domain of AKT (Table 1).

Significantly, except for PH-427, none of these compounds were found to bind to the PH

domain of PDK1 [96].

The in vivo molecular pharmacology of PH-427 and some analogs with different alkyl chain

lengths were also investigated [96]. Our group showed an oral formulation of PH-427

Meuillet Page 12

Curr Med Chem. Author manuscript; available in PMC 2014 July 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



exhibits antitumor activity against a number of human tumor xenografts, particularly those

with PIK3CA mutations. PH-427 administration resulted in up to 80% inhibition of tumor

growth in the most sensitive tumors. Tumors with a K-Ras mutation were insensitive to

PH-427, while in the absence of a K-Ras mutation tumor growth was reduced by 50%. The

pattern of inhibition in different tumors is similar to that caused by the PI3K inhibitor

PX-866 [124] suggesting that the main action of PH-427 is to inhibit the PI3K/PDK1/AKT

signaling pathway. Finally, PH-427 increased the antitumor activity of both paclitaxel and

gemcitabine in a Panc-1 tumor xenograft model, and that of erlotinib in a non small cell lung

(NSCL) cancer model. When given over 5 days PH-427 caused no weight loss or change in

blood chemistry. In summary, PH-427 was described as a novel PH domain binding

inhibitor of AKT signaling that has anti-tumor activity in human tumor xenografts.

We have recently shown that PH-427 prevents UVB-induced AKT activation in HaCaT skin

cancer cells [125] (and manuscript in preparation). Similar to PH-316, we noticed a

decrease in total AKT expression following 4 hours to 8 hours exposure with PH-427 in

HaCaT cells. These results led to ongoing studies aimed at developing PH-427 as a topical

agent for skin cancer prevention.

4.3. Purine/Pyrimidine Analogues

Several new compounds were recently described by one group to behave as AKT inhibitors

that prevent AKT translocation to the plasma membrane. These new compounds were

shown recently to bind directly to the PH domain of AKT.

4.3.1. Triciribine (Tricyclic Dinucleoside, NSC 154020, TCN, AKT/PKB
Signaling Inhibitor-2, API-2); Triciribine Phosphate (NSC 280594)—Triciribine

(TCN) is a purine analog that was first identified as an inhibitor of DNA synthesis [126]

(Fig. 3B, compound 17). TCN is a synthetic small molecule tricyclic nucleoside [127].

Previous studies have shown that TCN inhibits DNA synthesis and has antitumor and

antiviral activity [126, 128]. Later, it was demonstrated that TCN inhibits AKT

phosphorylation and had strong anti-tumor activity in tumors with high concentrations of

AKT [129]. TCN inhibited AKT signaling and induced apoptosis and cell growth arrest only

in cancer cells with elevated levels of AKT [129]. Similar observations were made in vivo

using s.c. implanted AKT-overexpressing cells (OVCAR3, OVCAR8, and PANC-1) into the

right flank and cells that express low levels of AKT (OVCAR5 and COLO357) into the left

flank of nude mice. When the tumors reached an average size of about 100–150 mm3, the

animals were treated i.p. with either vehicle or TCN (1 mg/kg/day) [129]. TCN inhibited

OVCAR3, OVCAR8, and PANC-1 tumor growth by 90, 88, and 80%, respectively. In

contrast, TCN had little effect on the growth of OVCAR5 and COLO357 cells in nude mice.

At a dose of 1 mg/kg/day, TCN had no effect on blood glucose level, body weight, activity,

and food intake of mice. In treated tumor samples, AKT activity was inhibited by TCN

without a change of total AKT content. The authors of this study indicated that TCN

selectively inhibited the growth of tumors with elevated levels of AKT and that TCN was

selective for AKT but did not inhibit PI3K [129]. TCN was also shown to inhibit the

phosphorylation of all three AKT isoforms in vitro and to inhibit the growth of tumor cells

overexpressing AKT in mouse xenograft models [130]. Interestingly, in this study the
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authors noted that the compound did not inhibit constitutively active AKT (myristoylated-

AKT) suggesting that TCN did not inhibit AKT directly in vitro and that it did not function

as an ATP competitor nor as a substrate competitor that binds to the active site of AKT.

Three years later the mechanism of action for TCN was published and TCN was shown to

inhibit AKT by interacting with the PH domain of the protein kinase [131]. In fact, once

inside the cells TCN is known to be converted to TCN-P, the active metabolite of TCN, by

adenosine kinase [132]. We (Table 1 and [96]) and others [131] confirmed that only TCN-P,

and not TCN, binds to the PH domain of AKT. As shown with our inhibitors, the authors

used SPR to demonstrate the direct binding of the compound to the PH domain of AKT

(Table 1). We note some discrepancies regarding controls and the binding affinity of the

“natural” ligand PI(3,4,5)P3. A value of 0.048 μM is reported by Berndt et al; we reported

0.52±0.11 μM, which corresponds to the previously reported value of 0.40±0.03 μM

published by Frech et al., [59]. However, it should also be noted that the experimental

protocols and techniques vary greatly among these published results.

Because TCN-P is a known anti-cancer agent, a number of phase I and II clinical trials of

TCN have been conducted in patients with advanced tumors from the mid-1980s to

mid-1990s (reviewed in [133]). However, in light of the novel mechanism of action revealed

for TCN-P, an open-label phase I dose-escalation study of TCN-P monohydrate (TCN-PM)

mono-therapy was undertaken between late 2006 and early 2008, restricted to subjects

whose tumors had evidence of activated (hyper-phosphorylated) AKT [133].

Pharmacokinetics and pharmacodynamics were performed as well. Preliminary data

suggested that treatment with TCN-PM inhibited tumor pAKT at doses that were tolerable.

A modest decrease in pAKT was demonstrated in tumor samples taken 24 hours following

the second dose of TCN-P. Early studies had already shown that TCN exhibited some side

effects, which included hepatotoxicity, hypertriglyceridemia, thrombocytopenia, and

hyperglycemia [134, 135]. It is not clear whether the hyperglycemic effect of TCN is related

to the inhibition of AKT activation. In this later study, mild thrombocytopenia was observed

as well. However, the trial was terminated in early 2008 due to the lack of activity and

decreased patient accrual.

4.3.2. API-1 (NSC 177223 – Pyrido[2,3-d]pyrimidines)—Recently, an analog of the

antibiotic sangivamycin, herein called API-1, was identified as a novel AKT inhibitor [136]

(Fig. 3B, compound 18). Out of 2300 compounds from the NCI-DTP Open Chemical

Repository, only 32 compounds inhibited the growth the NIH3T3-AKT2 transformed cells

but not empty vector LXSN-transfected NIH3T3 cells. TCN (also known as API-2) was also

identified during this screen and characterized as an AKT inhibitor [129]. API-1 binds to the

PH domain of AKT as determined by pull down assay using GST-PH, GST-kinase and

GST-CT fusion proteins. It also inhibits IGF1-induced translocation of AKT in Hela cells.

API-1 inhibits pSer473AKT phosphorylation with an IC50 of ~0.8 μM in OVCAR3 cells

which express high endogenous levels of pAKT. An interesting feature of the compound is

that it inhibits constitutively active AKT and naturally occurring mutant AKT1-E17K, but

no further rationale nor any mechanistic explanation was provided [136].
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4.4. Allosteric Compounds

Scientists at Merck have developed a series of AKT inhibitors that bind to both the PH

domain and the kinase domain (not at the ATP site) forming a stabilized “closed” complex

that is not capable of having any kinase activity or being activated by PDK1 [15]. The

functionalized tricyclic quinoxaline (inhibitor VIII, Fig. 3B, compound 19) has IC50s of 58

nM, 210 nM and 2119 nM against AKT1, AKT2 and AKT3, respectively [14, 137].

Recently, this inhibitor was successfully used to show that a PH domain-induced cavity was

present in the inactive PKB “PH-in” conformer [62]. The compound interacted with Trp80

within the PH domain of AKT. A derivative compound of this series, MK-2206 (Fig. 3B,

compound 20) is in early clinical trial, but it has to be administered orally four times a day.

MK-2206, a highly selective non-ATP competitive allosteric AKT inhibitor, exhibits a

nanomolar IC50 and broad preclinical antitumor activity (reviewed in [77]). MK-2206

treatment abolished ionizing radiation-induced AKT phosphorylation. Moreover, treatment

with MK-2206 also increased the radiosensitivity of U87MG cells [138]. MK-2206 is

generally well tolerated at doses up to 60 mg QOD with plasma concentrations that portend

activity in preclinical models. Pharmacokinetic and pharmacodynamic data suggest a

substantial and maintained target inhibition at 60 mg [139].

4.5. Other Novel AKT PH Domain Inhibitors

4.5.1. Tirucallic Acids Are Novel PH Domain Inhibitors—Tirucallic acids (TAs) are

tetracyclic triterpenoids that can be purified from the oleogum resin of Boswellia carterii

[140]. In a recent study published in March 2010, researchers at Ulm University in Germany

discovered that the TAs of frankincense inhibited the growth of prostate cancer in mice

[140]. PC-3 cells became resistant to TAs upon overexpression of PTEN. TAs did not

inhibit active AKT1 lacking the PH domain. Thus, the mechanism of action of the TAs was

determined through the inhibition of AKT, via binding to the PH domain. Interestingly,

phosphorylation of PDK1, another kinase containing a PH domain was only negligibly

affected by the TAs, indicating some selectivity toward AKT. In fact the authors

demonstrated that TA derivatives, in particular the 3-β-acetoxy-tirucallic acid (βATA; Fig.

3B, compound 21), binds to active recombinant AKT with a KD of 8.0±3.1 μM as measured

by SPR (Table 1). It remains to be determined whether the compounds bind within the PI3Ps

binding pocket of the PH domain of AKT because the authors have used full length AKT in

their assay. Nevertheless, the molecular modeling studies predicted βATA binding to the PH

domain within the PdtIns-3,4,5P3 pocket defined by Gly16, Glu17, Lys20 and Ile75 residues.

βATA induces apoptosis in prostate cancer cells that have high phosphorylated AKT, LnCaP

and PC-3 cells. Finally, βATA inhibits the growth of prostate cancer xenografts following a

daily i.p. injection of 10 μmol/kg in a PVP micro suspension delivery method. No

pharmacokinetic or pharmacodynamic studies were presented in this study. Further data are

necessary to warrant describing the TAs as potential therapeutics targeting the PH domain of

AKT for the treatment of cancer with activated AKT.

4.5.2. PITenins (PITs)—Miao et al. reported in a very recent study a novel class of

selective non-phosphoinositide PI2P inhibitors termed PITenins (PITs) [141]. The authors

developed a novel high-throughput fluorescence polarization (FP)-binding assay by using

recombinant PH domains and a fluorescent NBD-labeled PI(3,4,5)P3 molecule. They
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screened over 50,000 small molecules using this assay and identified two distinct inhibitors

of PI(3,4,5)P3/PH domain binding which were termed PIT-1 and PIT-2 (Fig. 3B, compounds

22 and 23). The IC50 was calculated to be around 30 μM and the direct binding of these

compounds to the PH domain of AKT was measured to be around 40 μM using SPR.

However, one can note the fast association and fast dissociation rates of the compounds as

compared to sulfonamide-based compounds. Taken together, these types of compounds may

not have the required pharmacological properties to have strong efficacy in animal studies.

In U87 cells, PIT-1 inhibits AKT phosphorylation (at both Ser and Thr residues) at

concentrations between 25 μM and 100 μM. The authors pointed out the poor solubility of

the parent compound and thus used a polyethylene glycol-phospho-ethanolamine mixed

micelle formulation as a method of i.v. delivery of the analog compound (termed DM-PIT-1,

DM for di-methyl) for their in vivo studies. Using this compound delivered i.v. for 8 days,

good anti-tumor properties were observed with a 95% tumor growth inhibition for DM-

PIT-1M (micelle) as compared to 58% for DM-PIT-1. Interestingly, the authors also

reported a small structure-activity relationship study for this series of compounds with an

increased selectivity of the compounds for the PH domain of AKT over PDK1 and GRP1.

The activity of the more selective compound in cells was weakly increased for AKT

inhibition and the in vivo efficacy of these compounds was not shown.

4.5.3. Peptide Mimetics (AKT-in)—The activity of AKT can be inhibited by a peptide

that mimics the AKT-binding domain of TCL1 and that binds the PH domain of AKT [142].

In an attempt to develop AKT-specific inhibitors, the authors have generated a peptide

spanning the AKT binding sequences of TCL1, named “AKT-in” (AKT inhibitor, NH2-

AVTDHPDRLWAWEKF-COOH), which interacted with AKT, but lacked the ability for

oligomerization. Interaction of AKT-in with the AKT PH domain prevented

phosphoinositide binding, and hence inhibited membrane translocation and activation of

AKT. As revealed by NMR chemical mapping, the AKT-in peptide bound the AKT-PH in a

surface similar to that recognized by TCL1 proteins. AKT-in inhibited not only cellular

proliferation and anti-apoptosis in vitro, but also in vivo tumor growth [142].

The design of other inhibitory peptides that could interact with AKT-PH domains based on

the corresponding amino acid sequences of the others members of the TCL1 family {[8–22

(GVPPGRLWIQRPG) in TCL1B: 5–19 (GAPPDHLWVHQEG) in MTCP1]} suggested

that neither TCL1B nor MTCP1 peptides showed significant affinity to the AKT-PH

domain. Further dynamic modification of the design of inhibitory molecules will be

required. As noted by the authors, the combined use of structure/activity relationship

methodology and of chemical fragment libraries to develop chemical compounds to

manipulate the suppressive function of AKT-in might help to design more potent AKT

inhibitors with minimal off-target activities for therapeutic use [143].

5. FUTURE OF AKT PH DOMAIN INHIBITORS

5.1. More Mechanistic Studies Are Needed to Ascertain of the Mode of Action of AKT PH
Domain Inhibitors

It has been reported previously that Thr34 of the AKT PH domain is phosphorylated by

PKCζ and that this phosphorylation prevents AKT translocation to the plasma membrane
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and activation [144]. Thr residue is located on the surface of the AKT PH domain that is not

directly involved in PI3Ps binding and which corresponds to the βγ-binding interface of the

GRK2-PH domain [50]. Thus, one could hypothesize that inhibitors of the PH domain may

affect other unsuspected downstream targets via the inhibition of PH domain interaction

with other protein partners. This issue should be addressed properly when testing novel

AKT PH domain inhibitors as well as to clearly define their interaction within the PH

domain.

Another point is that we and others have clearly suggested the possibility that small

molecule inhibitors are able to bind several other pockets within the PH domain. Our group

has identified four potential hydrophobic binding pockets: The biggest one with the highest

rank is the PI3Ps binding pocket. The hydrophobic pocket 2 is near Trp80 and close to the α-

helix of the protein. Pocket 3 is close to the PI3Ps binding site with which it shares several

residues such as Arg15, Glu17, Lys20, and Arg86. Another potential binding pocket (Pocket

4) is around loop (β23) and (β34), with residue Val4, Leu28, Lys30, Thr34, Tyr38, Arg48,

Glu49, and Asn54. These findings were in agreement with the observations that some of our

compounds (e.g., PH-415, PH-345, and PH-71; Fig. 3B) possess strong binding (KD values)

and pAKT inhibition, but could not displace PI3Ps binding (Table 2), suggesting other

binding mechanisms. Although these in silico predictions need confirmation with X-ray

crystallography and site directed mutagenesis coupled to SPR studies for further validation,

they strongly suggest the existence of other binding pockets that could potentially be

targeted.

5.2. Pan-PH Domain Inhibitors or Selectivity AKT PH Domain Inhibitors?

Other PH domain-containing proteins are involved in the PI3K/AKT survival pathway. We

have tested for selectivity of our inhibitors against the PH domains of PDK1, IRS1 and

GAB1, three other PH domain-containing proteins. Preliminary studies confirmed that we

have non-selective PH domain inhibitors as well as more selective PH domain inhibitors

(PH-427 derivatives [96]). It is becoming necessary to further investigate the selectivity of

the PH domain inhibitors in order to evaluate their potential off target effects. Because PH

domains are highly conserved three dimensional structures that bind PI-Ps with several

degrees of affinity, PH domains can be grouped into four sub-classes according to their

affinity for PI-phosphates. It is conceivable that selectivity could be achieved for PH

domains from different subgroups but that selectivity may remain a challenge for

distinguishing PH domains within the same group. Allosteric inhibitors, such as the

MK-2206, have been reported PH domain dependent and exhibit selectivity for the

individual AKT isozymes. Of note, the PH domain of PDK1 could represent an attractive

drug target and a dual inhibitor for AKT and PDK would be useful for the treatment of

cancers with an activated PI3K/AKT pathway. Through our in silico screening approach and

SPR in vitro screen, we have identified and validated several dual inhibitors of PDK1 and

AKT PH domain function. Indeed, although PH-427 was originally developed as an

inhibitor of the PH domain of AKT [122], new results suggest that it is also an inhibitor of

PDK1 [96]. Our SPR studies demonstrate that PH-427 binds to the expressed PH domain of

PDK1 with an affinity similar to that of binding to the PH domain of AKT (Ki for PDK1, 5.2

μM; Ki for AKT, 2.7 μM) [96]. We have shown that the plasma membrane translocation of
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both the AKT and PDK1 PH domains was inhibited by PH-427. In vivo studies showed that

PH-427 produced an inhibition of pSer473AKT and pSer241PDK1 concentrations in tumors

after 8–12 hours, and after 4 8- hours respectively, with a maintained inhibition only for

PDK1 for 24 hours. These results strongly suggest the possibility for PH-427 to behave as a

dual AKT/PDK1 inhibitor.

5.3. Identification of Biomarkers for AKT PH Domain Inhibitors

The transition of any approach targeting AKT from preclinical compounds to useful

therapeutics will depend in part upon identifying “off target” effects that could contribute to

cellular responses as well as biomarkers of the responses. Screening of the PIAs in cancer

cell lines showed that 5 of 25 analogues inhibited AKT and preferentially induced apoptosis

in cancer cell lines with high levels of endogenous AKT activity [105]. When these

compounds were screened in the NCI-60 cell line panel, cytotoxicity correlated with levels

of phosphorylated AKT but not total AKT, but other molecular markers were also identified

that had higher correlations with activity [107]. In addition, these studies showed that PIAs

induced more apoptosis than other pathway inhibitors despite similar levels of AKT

inhibition, which suggested that other targets of PIAs might contribute to the cytotoxicity of

these compounds. Off targets identification of PIAs was the objective of the study by Gills

et al. [109]. The authors screened PIAs against a panel of purified kinases and showed that

active PIAs activate a single isoform of p38, p38α, in vitro and in vivo [109]. The authors

concluded that because p38a activation occurs in cancer cells after chemotherapy and in

normal cells during inflammatory processes, activation of p38a by PIAs could contribute to

the efficacy and/or toxicity of PIAs. Although PIAs are not undergoing clinical trials, studies

assessing specificity and allowing the identification of “off targets” are of utmost

importance and should be considered early on during the pre-clinical development of AKT

PH domain inhibitors. In light of the recent trials with perifosine [133, 145], better

biomarkers and techniques for the evaluation of such biomarkers are necessary.

5.4. Potential Clinical Application of Known AKT PH Domain Inhibitors

Several of the AKT PH domain inhibitors have already been tested in vitro and some in vivo

in combination with either ionizing radiation-or other chemotherapy-targeted therapies.

Several strategies are summarized below:

a. Combination to overcome trastuzumab resistance caused by PTEN deficiency.

Trastuzumab is a monoclonal antibody directed against HER-2 which has

revolutionized the management of both early and advanced breast cancer.

However, trastuzumab resistance occurs via the increase in PTEN phosphatase

activity. PTEN is required for the antitumor activity of trastuzumab and PTEN loss

predicted poor clinical response to trastuzumab-based chemotherapy in patients

[146]. Because PTEN opposes the actions of PI3K, a strategy to overcome

trastuzumab resistance using TCN was successful in vitro and in vivo and

demonstrated some clinically applicable strategy [130].

b. Combination to increase sensitivity if the drug to chemotherapy. We [96] and

others [105, 147] have demonstrated that ALP and PIAs can synergize with

chemotherapy in vitro and in vivo. Synergy with ether lipids has also been observed
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after combination therapy with conventional chemotherapy drugs, such as

doxorubicin, cisplatin, vinblastine, and mitomycin C [148].

c. Combination with ionizing radiation. Synergy of ether phospholipid analogs

(edelfosine and perifosine) and ionizing radiation in human carcinoma cell lines

was proposed in the late nineties [87]. The authors demonstrated that the effects

were supra-additive. These results led to the design of a clinical phase I study

testing the combination of perifosine with fractionated radiation therapy [149].

CONCLUSIONS

In spite of unique techniques in molecular modeling, drug screening and testing coupled to

an increasing knowledge regarding AKT activation, no targeted AKT therapeutics have

reached the market yet. Novel approaches targeting unconventional domains, such as the

pleckstrin homology (PH) domain of AKT, have lead to the discovery of promising

compounds and identified innovative scaffolds that deserve further attention. In the race of

the development of AKT inhibitors, these novel molecules that bind the PH domain of AKT

have a bright future as they do not have the inherent toxicities of the more conventional

kinase inhibitors. Combination therapies (ionizing radiation and chemotherapy) also appear

to be the best route for the therapeutic application of novel AKT PH domain inhibitors.

However, although the PH domain of AKT represents a druggable site for the inhibition of

the function of the protein, it remains a necessity 1) to test for selectivity of the compounds

toward other PH domain-containing proteins; 2) to establish biomarkers for the inhibition of

AKT; and 3) to clearly delineate the mechanism of action of such compounds in view of

their future transition to successful clinical studies.
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βATA 3-β-acetoxy-tirucallic acid

APL alkyl-phospholipid

IP inositol phosphates

PDK1 phosphatidylinositol dependent kinase

PH pleckstrin homology

PIA phosphatidylinositol analog

PKA protein kinase A

PI3K phosphatidylinositol-3-kinase

SPR surface plasmon resonance

TCN triciribine
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Fig. 1. The PI3K/AKT survival pathway
A, The cartoon represents the PI3K/AKT pathway. Upon activation of receptor tyrosine

kinase (RTK), PI3K generates PI3Ps from PI at the inner leaflet of the plasma membrane.

These PI3Ps binds the pleckstrin homology (PH) of AKT. In resting cells, AKT is in the

cytosol in a closed conformation (PH-in). Upon binding the PI3Ps, the PH domain changes

conformation, allowing AKT to be fully activated by phosphorylation on the threonine (Thr)

308 residue and the serine (Ser) 473 residue, resulting in the PH-out conformation. PTEN is

the corresponding PI3 phosphatase which dephosphorylates PI3Ps. The red dot corresponds

to the different AKT PH domain inhibitors that have been described to date: allosteric

inhibitors which bind the PH-in conformation, sulfonamide based compounds which bind

the PH domain within the PI3Ps binding pocket and compounds which inhibit AKT-TCL1

interaction at the hinge region.

B, Fully activated AKT phosphorylates a wide variety of substrates, involved in apoptosis,

translation and cell cycle, and cell survival.
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Fig. 2. Homo-dimers of AKT PH domains and hetero-dimers of AKT/PDK1 PH domains
A, The figure represents the sensorgrams for the interaction between the PH domain of AKT

with increasing concentration of the untagged PH domain of AKT. The PH domain of AKT

is coated on the CM5 chip using the GST tag and anti-GST antibodies. Increasing

concentrations of untagged AKT PH domain is then flowed through (curves from bottom to

top correspond to 0, 1, 10, 25, 50, 100nM of AKT PH domain). The affinity was calculated

with a KD of 37.6 nM. The homo dimers can be displaced by increasing concentrations of

PI(3,4,5)P3 with a Ki of 1.7 μM or PH-427 with a Ki of 2.8 μM (data not shown).

B, the figure represents the heterodimerization between PDK and AKT PH domains.

Increasing concentrations of untagged PH domain of AKT is flowed through over the GST-

PDK surface (curves from bottom to top correspond to 0, 1, 10, 25, 50, 100 nM of AKT PH

domain). The interaction occurs with an affinity (KD)of 49.8 nM. The hetero dimers can be

displaced by increasing concentrations of PI(3,4,5)P3 with a Ki of 1.7 μM or PH-427 with a

Ki of 3.2 μM (data not shown).
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Fig. 3.
Structure of several AKT PH domain inhibitors.
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Fig. 4. DPIEL inhibits AKT translocation and radiosensitizes glioma cells
A, Immunohistochemistry was performed on DPIEL (20 μM) and wortmannin (1 μM)-

treated control and PDGF (50 ng/ml)-stimulated NIH3T3 cells. Panels A–D show nuclear

staining using YOYO-1. Panels E–H show the staining with a goat anti-AKT1 antibody and

anti-goat IgG secondary antibody coupled to Alexa Fluor 568. In control cells AKT is

located in the cytoplasm (panels A and E). Upon PDGF stimulation, AKT relocates to the

plasma membrane (arrows in panel F). In DPIEL-treated cells, AKT translocation does not

occur upon PDGF stimulation(panels D and H). Wortmannin-treated cells exhibited similar

staining as with control non-stimulated cells (panels C and G).

B, To account for radiation mortality, increasing numbers of U251 glioma cells (102 to 10 ×

104) were plated into 6-well plates and cultured for 16 hours. All irradiated cells were pre-

incubated with 5 μM DPIEL for 2 hours and then given 0, 1 to 5 Gy of XRT (delivered by a

10 MeV Siemens linear accelerator at a dose rate of 3 Gy/min). Cells were allowed to form

colonies for 10–12 days and then stained with crystal violet. The graph represents the

average of three separate experiments done in triplicate. Values means are the ± SD; **,

p<0.05; *, p<0.1.
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Table 1

Binding Affinities of Known AKT PH Domain Inhibitors

Compounds KD (μM)
Ki (μM)

(PI(3,4,5)P3 control)*

Reference(s)

1 5.04±0.48
1.59 ± 0.17

[96, 121]

7 ND
>50.0

[96, 97]

9 ND
>50.0; 10.0

[96, 97]

12 0.37±0.04
ND

[121]

13 40.8 ± 2.5 (3.08 ± 0.49)*

2.67 ± 0.37 (0.52 ± 0.1)*
[96]

17 ND
>50.0

0.7 (0.048)*

ND

[96]
[131]

18 ND [136]

20 ND
48.35±1.45

[96]

21 8.0±3.1
ND

[140]

Note: Kis for reported AKT PH domain inhibitors. Kis were measured as the concentration of compound that displaces 50% of the PH domain

bound to lipid vesicles enriched in PI(3,4,5)P3 in the absence of drug. Values are the mean of four determinations ± SE. ND, not determined.

*
for values determined for PI(3,4,5)P3 control.

Curr Med Chem. Author manuscript; available in PMC 2014 July 10.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Meuillet Page 35

Table 2

Characteristics of Sulfonamides as Novel AKT PH Domain Inhibitors

Compounds KD (μM)
Ki (μM)

pAKT inhibition (IC50; μM) Cell growth (IC50; μM) Anti-tumor activity

13 40.8±2.5
3.3±0.4

6.3±0.9 5.4.0±2.5 Yes@ T/C%
27.6±15.7 (p=0.01)

16 4.6±1.7
9.7±1.3

5.0 >100.0 yes*

T/C%
45.7±18.2 (p=0.06)

14 1.8±0.3
Ki>50

50.0 >100.0 ND

15 6.3±1.2
Ki>50

1.0 3.1 Yes

Binding affinities (K) were measured using SPR spectrometry in a direct binding assay (KD) or competition assay using PI(3,4,5)P3-enriched

liposomes (Ki). Cell growth and pAKT inhibition were measured as described previuosly [122]. Antitumor activity at doses of 150–200 mg/kg p.o.

for 5 to 10 days.

*
MCF-7 breast, # MiaPaCa-2 pancreatic, and @ BxPC-3 pancreatic s.c. xenografts.

ND, not determined.
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