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Abstract

The PI3-kinase/AKT pathway integrates signals from external cellular stimuli to regulate essential 

cellular functions, and is frequently aberrantly activated in human cancers. Recent research 

demonstrates that tight regulation of the epigenome is critical in preserving and restricting 

transcriptional activation, which can impact cellular growth and proliferation. In this review we 

examine mechanisms by which the PI3K/AKT pathway regulates the epigenome to promote 

oncogenesis, and highlight how connections between PI3K/AKT and the epigenome may impact 

the future therapeutic treatment of cancers featuring a hyperactivated PI3K/AKT pathway.

Introduction

Known mutational activation or inactivation of chromatin modifiers has demonstrated that 

the epigenome can promote oncogenic growth and cancer. Recent research suggests that the 

activity of signaling pathways that drive oncogenesis indirectly regulate the epigenome via 

the modulation of proteins and enzymes required for chromatin reading, writing, and 

erasure. In fact, the term epigenetic modulator was recently coined to describe oncogenic 

driver genes that modulate signal transduction and are also implicated in epigenomic 

modification [1]. Deregulation of the PI3K signaling pathway is a key event in cancers due 

to the prevalence of oncogenic activating mutations and genetic inactivation of tumor 

suppressors regulating the pathway. Epigenetic modulators participate in the PI3K/AKT 

pathway and have been shown to regulate the epigenome and contribute to the oncogenicity 

of PI3K in cancer. In this review we outline the progress in elucidating PI3K pathway-

dependent epigenetic modulators and the prospect of therapeutic targeting of the epigenome 

in the treatment of PI3K pathway-activated cancers.
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The PI3K/AKT signaling pathway in oncogenesis

The class IA phosphatidylinositol 3-kinase (PI3K)/AKT pathway integrates signals from 

growth factors and cytokines, relaying these signals through multiple downstream cellular 

effectors. In turn, these effectors regulate essential cellular functions including growth, 

metabolism, survival, and proliferation [2]. Class IA PI3Ks function as heterodimers that 

consist of a p110 catalytic subunit and a regulatory p85 subunit. Three highly homologous 

genes (PIK3CA, PIK3CB, and PIK3CD) encode the catalytic isoforms [3]. In response to 

exogenous growth factor or cytokine stimulation, receptor tyrosine kinases (RTKs) or G 

protein-coupled receptors (GPCRs) are activated, and class IA PI3Ks are recruited to the 

cellular membrane. At the membrane PI3K catalyzes the phosphorylation of PtdIns 4,5-

bisphoshate (PIP2) to generate the lipid second messenger PtdIns 3,4,5-triphosphosate (PIP3) 

[4]. As such, the PIP3 second messenger activates downstream signaling pathways, many of 

which diverge downstream of AKT. The activity of PI3K is reversed by the lipid 

phosphatase and tumor suppressor, PTEN, which catalyzes the removal of a phosphate group 

from PIP3 to restore PIP2, thereby inactivating PI3K signaling.

The serine/threonine protein kinase AKT, encoded by three separate genes for the isoforms 

AKT1, AKT2, and AKT3, is a central PI3K signaling conduit [5]. PI3K modulates essential 

cellular functions utilizing AKT-dependent and AKT-independent mechanisms; significantly 

more is understood about AKT-dependent PI3K signaling, which is the focus of this review. 

AKT modulates diverse cellular functions including cell survival, growth, proliferation, 

metabolism, migration and proliferation through the phosphorylation of more than 200 

identified substrates. In most cases, AKT-mediated effector phosphorylation at the consensus 

R-x-R-x-x-S/T motif negatively regulates effector function [6]. For example, AKT-mediated 

phosphorylation of FOXO transcription factors enhances FOXO nuclear export, and 

phosphorylation of pro-apoptotic protein BAD results in its functional inactivation, 

highlighting a redundant approach by which PI3K/AKT promotes cellular survival [7, 8]. 

AKT-mediated substrate phosphorylation activates mTORC1 and increases protein 

synthesis, positively regulating cell growth. However, AKT increases cellular growth 

through the negative regulation of TSC2: AKT-mediated TSC2 phosphorylation prevents 

TSC2 from functioning as GTPase-activating protein (GAP) for Rheb, causing Rheb-GTP to 

accumulate and activate mTORC1 [9]. Phosphorylation of PRAS40 by AKT also activates 

mTORC1 by relieving direct inhibition on the mTORC1 complex [10].

The PI3K/AKT pathway promotes transcriptional competence via 

epigenomic regulation

The examples above highlight a small fraction of PI3K/AKT effectors that control cellular 

processes that are frequently deregulated in human cancers. Importantly, changes to the 

chromatin landscape are also associated with the development of cancer, some of which are 

mediated by the PI3K/AKT signaling pathway. Extensive research has unveiled novel AKT 

substrates that when phosphorylated by AKT, promote or poise cells for transcriptional 

activation, thus regulating oncogenesis via chromatin modifications. Several key examples 

are highlighted below (Figure 1).
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AKT influences DNA replication-associated DNA methylation

The preservation and, thus, heritability of DNA CpG dinucleotide methylation patterns 

throughout the genome is essential during DNA replication. A high frequency of CpG 

dinucleotides, termed CpG islands, is present at or near promoters, whereas the remainder of 

the genome is typically characterized by minimal CpG dinucleotides. Aberrant CpG 

methylation patterns are common in human cancer; promoter-associated CpG islands are 

prone to aberrant hypermethylation; and hypomethylation of CpG poor genomic regions 

frequently occurs. CpG dinucleotides within developmental genes, non-relevant lineage-

specific genes, some proto-oncogenes and oncogenes, and endogenous retroviral sequences 

are hypermethylated, as a mechanism to suppress DNA transcription [11]. The PI3K/AKT 

pathway promotes transcriptional activation by reducing global genome DNA methylation. 

S-phase-associated DNA methylation is maintained by DNA methyltransferase 1 (DNMT1) 

and deregulation of DNMT1 and other DNMTs has been reported in multiple cancer types 

[12]. The PI3K/AKT pathway regulates DNMT1 through AKT-mediated phosphorylation at 

S143. While DNMT1 S143 phosphorylation by AKT has not been shown to directly affect 

DNMT1 methyltransferase activity, it somewhat paradoxically increases DNMT1 stability 

[13]. Thus DNMT1 S143 phosphorylation impedes subsequent SETD7-mediated DNMT1 

monomethylation at K142, an event that normally triggers DNMT1 proteasome-mediated 

degradation. However, DNMT1 S143 phosphorylation also reduces its association with 

DNA-replication associated proteins PCNA and UHRF1 at the replication fork [14]. 

Together these facts suggest that while DNMT1 S143 phosphorylation by AKT increases 

DNMT1 half-life, phosphorylated DNMT1 is unable to associate with and subsequently 

methylate DNA.

The PI3K/AKT pathway has also been reported to regulate locus-specific DNA 

hypomethylation such that transcriptional activation occurs at specific genes. The AKT-

target genes GSK3α/β regulate DNA methylation of the regulatory regions of the imprinted 

genes IGF2 and IGF2R by reducing expression of the DNA methyltransferase DNMT3a2 

[15]. AKT activation, loss of GSK3α/β expression, or GSK3 inhibition promotes the 

hypomethylation of the IGF2/IGF2R genomic loci, which aberrantly activates IGF2/IGF2R 

transcription [15]. Since IGF2/IGF2R expression can in turn upregulate PI3K/AKT 

signaling, this system may constitute a feed-forward loop. PI3K/AKT may also regulate 

DNMT3 activity independently of GSK3α/β through direct phosphorylation of at least one 

putative AKT phosphorylation consensus motif on DNMT3 [16]. It has therefore been 

proposed that the PI3K/AKT pathway may support the hypermethylated DNA state 

frequently observed in cancer.

AKT regulates histone methylation by targeting the H3K27 methyltransferase EZH2

An appropriate balance of activating and inhibitory histone methylation events is critical for 

maintaining context dependent and appropriate gene transcription. This balance is frequently 

disrupted in cancer, in a manner favoring transcriptional activation that is associated with 

PI3K/AKT pathway activation. EZH2 is the histone methyltransferase in the polycomb 

repressive complex 2 (PRC2) and is responsible for silencing transcription by trimethylating 

promoter-associated Histone H3 Lys27 (H3K27me3). H3K27me3 is antagonized by 

promoter-localized trimethylation of Histone H3 Lys4 (H3K4me3), which is indicative of 
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transcriptional competence. Simultaneous H3K4me3 and H3K27me3 occurs at some 

genomic loci; these bivalent domains are transcriptionally repressed but poised for rapid 

transcriptional activation following the loss of H3K27me3. AKT-mediated phosphorylation 

of EZH2 at S21 inhibits EZH2 methyltransferase activity and reduces H3K27me3 [17]. The 

lack of H3K27me3 at bivalent loci then promotes transcriptional activation and erroneous 

gene expression. As a result, EZH2 provides a central node by which the PI3K pathway 

promotes transcriptional competence of bivalent, and therefore poised, genomic loci. Loss of 

EZH2 methyltransferase activity towards non-bivalent loci may also reduce transcriptional 

silencing due to the lack of H3K27me3. AKT-mediated EZH2 S21 phosphorylation can also 

augment EZH2-mediated gene transcription independently of its effects on the 

methyltransferase activity of EZH2. Phosphorylation of EZH2 enhances its function as an 

oncogenic transcriptional co-activator by facilitating its association with androgen receptor 

and other transcription factors [18]. Together these studies suggest that transcriptional 

competence is in part established by AKT-mediated EZH2 phosphorylation thereby reducing 

repressive H3K27 methylation at both bivalent and monovalent genomic loci.

H3K4me3 as a PI3K/AKT target

The PI3K/AKT pathway favors transcriptional activation through other means in addition to 

the reduction of H3K27me3. Promoter associated H3K4me3 is characteristic of 

transcriptionally active euchromatin and has been reported to be elevated in breast and 

colorectal cancers [19, 20], which are commonly associated with PI3K-pathway activation. 

The PI3K pathway was recently shown to be essential in regulating H3K4me3 in in vivo 
models of PI3K-activated breast cancer [21]. H3K4 methylation is regulated by the 

enzymatic activity of the MLL/KMT2 histone methyltransferases (HMTs) [22] and the 

KDM5 family of histone demethylases (KDMs)[23, 24]. Promoter associated H3K4me3 has 

emerged as a key posttranslational histone modification indicative of transcriptional 

activation. AKT-mediated KDM5A phosphorylation on up to five amino acids promotes 

KDM5A nuclear exit, reminiscent of AKT-mediated FOXO3 phosphorylation [7]. A shift in 

KDM5A subcellular localization is dependent on PI3K activation in models of breast cancer 

in vivo. Loss of nuclear KDM5A limits exposure of KDM5A to its substrates, H3K4me2/3, 

which may explain the increase in H3K4me3 observed in PIK3CAH1047R-activated breast 

cancer models. Moreover, AKT and KDM5A collaborate to regulate cell cycle-promoting 

genes, which may have implications in the oncogenic growth of PI3K-activated cancers.

Crosstalk between p300/CBP and PI3K signaling

Histone acetylation of lysine residues, which is critical to promote transcriptional activation 

at euchromatic sites within the genome, is also regulated by PI3K/AKT. Acetylation 

neutralizes the charge of the N terminal histone tail, which increases the accessibility of 

DNA to transcription factors. The lysine histone acetyltransferase (HAT) p300, and its 

paralog CBP, commonly referred to as p300/CBP, acetylate over 100 histone and non-

histone substrates [25]. P300/CBP regulate the expression of genes controlling cellular 

processes that are frequently deregulated in cancers by independently functioning as a 

protein scaffold, transcriptional co-activator, and HAT. In response to upstream signaling 

events, AKT stimulates p300 and CBP HAT activity following AKT-mediated 

phosphorylation of p300 and CBP at S1834 and T1871, respectively [26]. Phosphorylation 
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of p300/CBP also increases transcription factor assembly on euchromatin and subsequently 

helps to recruit basal transcriptional machinery. Specific acetylation of H3 lysine 56 

(H3K56ac) is critical for packaging of DNA into chromatin during DNA replication and 

DNA damage repair, which is mediated by p300/CBP [27]. While it has not been shown that 

PI3K/AKT activation is required for p300/CBP-mediated H3K56ac, high H3K56ac is 

detected in breast, thyroid, and skin cancers [27]. P300/CBP also acetylates H3K18, and 

AKT-mediated phosphorylation of CBP, but not p300, reduces H3K18ac, which is reduced 

or lost during oncogenesis and may correlate with a poor clinical outcome [28]. Indeed, loss 

of H3K18ac correlates with an increase in oncogenic growth measured in in vitro 
transformation assays in liver cell lines [29]. These data suggest at least one AKT-dependent 

CBP function in promoting oncogenic growth that is not shared with its paralog p300. It is 

therefore possible that PI3K/AKT-dependent p300 and/or CBP regulation promotes 

transcription and oncogenic growth by modulating substrate acetylation, including, but not 

necessarily limited to, H3K18ac and H3K56ac.

H2A ubiquitination in response to PI3K signaling

EZH2 and PRC2-mediated H3K27me3 contribute to transcriptional silencing and this 

process is negatively regulated by PI3K/AKT. However, AKT also promotes the subsequent 

polycomb/PRC1-mediated H2A ubiquitination, which contributes to features of 

transcriptionally inactive and repressed chromatin at specific genomic loci. After PRC2-

mediated H3K27me3, the PRC1 containing form of the polycomb complex recognizes 

H3K27me3, which triggers H2A K119 ubiquitination by PRC1 [30]. Specifically the PRC1 

core complex member Bmi1 stimulates the E3 ubiquitin ligase activity of its heterodimeric 

partner Ring1B, directing its ubiquitination to H2A K119 [31]. H2A K119 ubiquitination 

contributes to polycomb-mediated gene repression. Bmi1 has been linked to the specific 

silencing of the INK4A/ARF locus that encodes the p16INK4A and p19ARF tumor 

suppressors. AKT-mediated Bmi1 S316 phosphorylation dissociates Bmi1 from the 

INK4A/ARF locus, thereby reducing H2A ubiquitination and inhibiting transcriptional 

silencing of the INK4A/ARF locus [18, 31]. Bmi1 S316 phosphorylation has been 

associated with reduced cell proliferation and increased senescence [18]. While reduced 

proliferation is typically incompatible with the oncogenic growth observed from aberrant 

PI3K-pathway activation, oncogene induced senescence (OIS) is a phenomena observed in 

cancer, and AKT-mediated Bmi1 phosphorylation is one possible mechanism that may 

explain this process.

Regulation of non-histone substrates by the histone acetyltransferase MOZ

The histone acetyltransferase monocytic leukemic zinc-finger (MOZ) functions as part of a 

quaternary histone acetyltransferase (HAT) complex with BRPF1, ING5, and hEAF6 that 

uses multiple chromatin reader domains to recognize posttranslational modifications on the 

N terminal unstructured regions of histone tails. Using its tandem PHD domains, MOZ 

recognizes H3 when acetylated at H3K14, enabling subsequent promoter acetylation of 

target genes [32]. Other members of the quaternary HAT complex use their reader domains 

to direct MOZ acetyltransferase activity towards H3K14, as well as H4K5, H4K8, and 

H4K12 [33]. However MOZ also possesses at least one described acetyltransferase activity 

that is independent of histones, and this activity is negatively regulated by AKT. MOZ 
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associates with p53 in promyelocytic leukemia (PML) nuclear bodies [34]. Forming a 

ternary complex with p53 and PML, MOZ acetylates p53 at K120 and K382, which 

subsequently stimulates p53-mediated transcription of p21 to induce cell-cycle arrest and 

senescence [34]. AKT-mediated phosphorylation of MOZ at T369 prevents MOZ-PML 

association, thereby inhibiting ternary complex formation with p53 and hence p53 

acetylation [35]. Disruption of the MOZ-PML association renders MEFs resistant to PML-

induced senescence, suggesting a new mechanism by which the PI3K/AKT pathway may 

contribute to oncogenic growth. However, it is unclear whether MOZ T369 phosphorylation 

alters MOZ affinity for histone substrates as well as for p53/PML.

Clinically targeting the PI3K pathway in PI3K-activated solid cancers

Constitutive activation of the PI3K/AKT pathway commonly occurs in human cancers 

through mutational activation or amplification of receptor tyrosine kinases, mutational 

activation of the RAS or PIK3CA genes, mutational activation or amplification of AKT1/

AKT2/AKT3, as well as via inactivation of PTEN or the regulatory PI3K p85 subunits 

(PIK3R1 and PIK3R2). Deregulation of this pathway occurs across cancer types, by some 

estimates occurring in 70% or more of diagnosed cases of uterine and lung cancers, and in 

more than 50% of breast, prostate, cervical, ovarian, and glioblastoma multiforme cancers. 

The high frequency of genomic alteration of this pathway across cancer types, coupled with 

its central role in regulating pathways critical for cellular growth and survival has prompted 

the development of PI3K-pathway specific inhibitors as anti-cancer therapeutics.

Previous generation therapeutic modalities for the treatment of PI3K-activated solid 
malignancies

Preclinical development and clinical testing of PI3K pathway inhibitors is ongoing, with an 

emphasis on pan-PI3K inhibitors that target all class I PI3K isoforms, isoform selective 

PI3K inhibitors that target individual class I PI3K isoforms, AKT inhibitors, and mTOR-

targeted inhibitors. Many of the early PI3K inhibitors were reversible ATP-competitive pan-

PI3K inhibitors that target all class I PI3K isoforms with similar efficacy such as GDC0941 

[36], the dual pan-PI3K/catalytic mTOR inhibitor BEZ235 [37], or dual mTORC1/2 

inhibitors such as MLN-0128 [38] (Figure 2). Administered as single agents, these inhibitors 

have generally failed to produce robust results in the clinic despite promising anti-

tumorigenic results in preclinical studies. Allosteric and catalytic AKT inhibitors, such as 

MK2206 and GSK690693, respectively, have also been tested in phase I/II clinical studies of 

varying solid tumor types. Generally AKT monotherapy is also associated with low 

objective response rates [39, 40], although next-generation AKT inhibitors are in clinical 

development.

Because PIK3CA is frequently mutated in solid tumors (most commonly via E542K/E545K 

helical domain mutants or H1047R catalytic domain mutants), isoform-selective PI3K 

inhibitors (BYL719, GDC0032) that preferentially target the PIK3CA protein product 

p110α are under preclinical evaluation and clinical testing. These p110α-selective inhibitors 

have shown promising clinical responses in tumors featuring PIK3CA mutations while 

preclinical studies suggest that tumors characterized by RTK activation, for instance via 
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HER2 amplification, may also respond to p110α-selective inhibition [41, 42]. In contrast, 

PTEN-deficient solid tumors are primarily dependent on the PIK3CB protein product p110β 
for PI3K signaling [43]; and p110β-selective PI3K inhibitors are in preclinical development 

[44] and in phase I/II clinical testing for the treatment of solid tumors with genetic loss of 

PTEN or loss of PTEN expression by epigenetic or post-transcriptional means. Lastly, B cell 

signaling is upregulated in chronic lymphocytic leukemia (CLL), frequently occurring 

through PI3K pathway hyperactivation. The PIK3CD protein product p110δ is highly 

expressed in lymphoid tissue and expression is restricted to hematopoietic cells, prompting 

the development of the p110δ-selective inhibitor Cal-101 (Idelalisib). Recently Idelalisib 

became the first PI3K inhibitor approved for the treatment of relapsed CLL in combination 

with the CD-20 antibody rituximab [45].

The future of clinical PI3K/AKT pathway inhibition in the treatment of solid tumors

To date, the limited efficacy and durability of monotherapeutic PI3K/AKT/mTOR inhibition 

has driven research into the development of suitable combination therapies to pair with 

existing or next-generation PI3K/AKT/mTOR-selective inhibitors. A large number of labs 

have reported success combining PI3K/AKT inhibitors with inhibitors of multiple targets, 

including RTKs.

The collaboration between the PI3K/AKT pathway and chromatin modification through the 

activity of the epigenetic modulator AKT suggests that PI3K/AKT inhibition in combination 

with epigenetic modifier inhibition may be an attractive and synergistic strategy for the 

treatment of PI3K-pathway activated solid tumors. Inhibitors targeting epigenetic modifiers 

are under preclinical development and clinical testing and in some cases, have showed 

modest response rates in some cancer types. Combinations of PI3K/AKT/mTOR and 

chromatin modifier inhibition are currently under exploration in preclinical studies and, in a 

select few cases, clinical trials. Below we discuss several examples of advances made 

towards therapeutic inhibition of epigenetic modifiers. Where relevant, we discuss the 

development and testing of combination therapies targeting the PI3K pathway and 

epigenetic modifiers, such that PI3K/AKT activation and aberrant transcriptional activation 

is abrogated.

DNA methyltransferase (DNMT) inhibition

Aberrant CpG methylation of tumor suppressor genes transcriptionally silences their 

expression and is commonly observed in cancer. Elevated PTEN promoter methylation, 

which silences PTEN expression and promotes AKT hyperactivation, has been observed in 

diverse cancer cell lines and patient samples. Preclinical studies have found that increased 

PTEN expression and, hence, reduced AKT signaling is observed following treatment with 

the DNMT inhibitor decitabine in xenograft models of tamoxifen-resistant ER+ breast 

cancer. DNMT inhibitors, including decitabine and azacitidine, are cytidine antimetabolite 

analogues that function by inhibiting DNMT-mediated DNA CpG methylation. While these 

and other DMNT inhibitors show some anti-tumorigenic activity as single agents in solid 

and hematological malignancies, preclinical studies suggest synergistic anti-tumorigenic 

activity when combined with the EGFR inhibitor gefitinib or the mTOR inhibitor rapamycin 

in colorectal cancer cell lines [46, 47]. As a result, decitabine and azacitidine are both under 
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clinical investigation for the treatment of solid tumors in combination with the mTOR 

inhibitors sirolimus or everolimus.

Preclinical studies have found that nasopharyngeal cell lines resistant to the PI3K/mTOR 

inhibitor BEZ235 are characterized by low expression of PTEN and the PP2A subunit 

PPP2R2B as a result of promoter hypermethylation [48]. BEZ235 refractory cell lines were 

modestly re-sensitized with the addition of decitabine [48]. Further research suggests the 

importance of DNMT3b function in promoting mTORC2 activation in melanoma; genetic 

loss of DNMT3 expression results in promoter hypomethylation and increased expression of 

mir-196b, which targets the mTORC2 component RICTOR. Loss of RICTOR expression in 

turn prevents mTORC2 activation and abrogates cellular growth [49]. These data suggest 

DNMT3b promotes mTORC2 activation during transformation. It is possible that combined 

pharmaceutical inhibition of DNMT3b and mTORC2, either directly via mTORC1/2 

catalytic inhibitors or indirectly via PI3K/AKT inhibition, may provide durable and 

efficacious inhibition of DNA methylation and PI3K/mTOR signaling in human cancers.

HDAC inhibition

Next generation sequencing has identified genome-wide changes to histone acetylation in 

cancer. General histone acetylation is associated with enhanced gene transcription, and 

genetic ablation of the chromatin erasers responsible for histone deacetylation (histone 

deacetylases, HDACs) is anti-tumorigenic in models of many solid cancers [50]. Several 

studies have demonstrated the epigenetic repression of key tumor suppressors (CDKN1A) 

and DNA damage repair enzymes (BRCA, ATR) in tumors characterized by high HDAC 

expression. Indeed, elevated HDAC expression has been observed in breast, lung, liver, and 

other cancer types, and knockdown of several HDACs in these and other cancers induces 

apoptosis and cell cycle arrest [50], suggesting aberrant HDAC activity may be associated 

with cancer. As a result, HDAC inhibitors have entered clinical trials for the treatment of 

various cancers; Panobinostat is under phase III clinical testing for the treatment of 

cutaneous T cell lymphoma (CTCL), and numerous other HDAC inhibitors are currently in 

phase I/II clinical trials for the treatment of both solid and hematological malignancies. 

While most preclinical and clinically tested HDAC inhibitors function as nonselective pan 

HDAC inhibitors, they largely function by inhibiting HDAC function in multimeric protein 

complexes. Importantly, HDAC inhibitors such as Panobinostat and Vorinostat inhibit the 

HDAC1/2 containing complex co-REST, which also regulates H3K4 methylation through 

the LSD1 histone demethylase. Indeed, HDAC1/2 inhibition reduces H3K4me3 and 

transcriptional competence by indirectly inhibiting co-REST activity and LSD1 [51]. Since 

PI3K/AKT activation promotes H3K4me3, it is tempting to speculate that dual PI3K and 

HDAC1/2 inhibition may offer durable inhibition of both PI3K and H3K4me3 in cancers 

characterized by hyperactivated PI3K signaling and increased histone acetylation.

Preclinical evidence demonstrates anti-tumorigenic effects of combined HDAC and PI3K 

inhibition in the treatment of MYC-amplified cancers [52]. Dual pan-HDAC and pan-PI3K 

inhibition with Panobinostat/BKM120 increased HDAC-mediated FOXO1 expression and 

activation. These events were associated with increased cell death in patient derived 

xenograft models of MYC-amplified medulloblastoma [52]. These results demonstrate that 
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targeting non-redundant pathways such that FOXO1 is reactivated may be a promising 

approach for the treatment of some types of cancer. Recently a single-agent dual HDAC/

PI3K inhibitor (CUDC-907) showed promising antitumor activity in a phase I clinical trial 

for patients with diffuse large-B cell lymphoma [53]. It is tempting to speculate that 

subsequent generations of single-agent HDAC/PI3K inhibitors may increase in efficacy if 

isoform-selective HDAC or PI3K inhibition is achieved, or if combination therapy with other 

therapeutic targets is attained.

Inhibition of EZH2 enzymatic activity

EZH2 genomic amplification and overexpression occurs across many types of cancers 

including breast and prostate and results in excessive EZH2 histone methyltransferase 

(HMT) activity [54, 55], which increases H3K27me3 and gene silencing. EZH2 

overexpression and increased H3K27me3 is associated with the transcriptional silencing of 

genes required for differentiation and lineage specificity as well as tumor suppressors 

INK4A/ARF. To date, cancer-associated gain-of-function mutations have been characterized. 

Mutation of EZH2 tyrosine 641 or alanines 677 and 687, located in the catalytic SET 

domain increases H3K27me3, and has been identified in non-Hodgkin’s lymphoma [56, 57]. 

EZH2 also possesses oncogenic activity independent of its HMT activity and PRC2 

function. EZH2 promotes transcriptional activation through diverse mechanisms via its 

association with transcription factors ERα, WNT, AR, amongst others. EZH2 activity is 

antagonized by other histone modifying enzymes, including the SWI/SNF complex. Genetic 

loss of SWI/SNF or other EZH2 antagonists poises EZH2 for activation. As a result, the 

development and clinical testing of EZH2 small molecule inhibitors is underway for use in 

solid and hematological malignancies characterized by EZH2 amplification, overexpression, 

or gain-of-function mutations.

First generation EZH2 inhibitors were non-selective compounds that inhibited the 

processing of S-adenosyl-L-homocysteine hydrolase (SAH). The resulting increase in SAH 

levels represses the activity of S-adenosyl-L-methionine (SAM)-dependent histone lysine 

methyltransferases, the class of enzyme to which EZH2 belongs. One such inhibitor, 3-

deazaneplanocin A (DZNep), effectively inhibits EZH2 and H3K27me3 and induces 

apoptosis in cell culture models, but its nonspecific function and toxicity in animal models 

have prevented its further development [58]. To increase efficacy and reduce toxicity, 

researchers have emphasized identifying potent and durable SAM-competitive inhibitors that 

selectively inhibit either wild type EZH2 or gain-of-function EZH2 mutations, including the 

orally bioavailable compounds UNC1999 and EPZ-6438 (Tazemetostat). Treatment of 

preclinical models of EZH2-activated tumors (SMARCB1/INI1 loss, EZH2 gain-of-function 

mutation) with Tazemetostat demonstrate a reduction in H3K27me3 and tumor regression 

[59, 60]. Objective response rates in a phase I Tazemetostat trial in non-Hodgkin’s 

lymphoma (NHL) were observed in 9 of 15 (60%) of evaluable patients, with phase II trials 

in NHL currently enrolling [61]. Moreover, phase II clinical trials testing Tazemetostat in 

solid tumors characterized by SMARCA4 or SMARCB1/INI1 loss are currently underway.
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MLL1 inhibition via disruption of the MLL1-MEN1 or MLL1-WDR5 interface

Methylation of H3K4 is primarily mediated by the mixed-lineage leukemia (MLL) enzyme 

family. Genomic translocations characterized by MLL1 truncation coupled with in-frame 

fusion to more than 70 identified proteins produce oncogenic MLL1 fusion proteins that 

frequently occur in acute myeloid and lymphoid leukemias in adult and pediatric patients. 

However, MLL1 basal histone methyltransferase activity is low and is only enhanced 

following MLL1 association with the core complex members WDR5, ASH2L, and RbBP5 

[62]. To this purpose, MLL1-selective inhibitors under preclinical development (MM-102, 

MM-401) target the MLL1-WDR5 interface for the treatment of hematological malignancies 

characterized by MLL-rearrangement and show promising antitumor activity in by reducing 

tumor growth and increasing apoptosis in MLL1-rearraned leukemias [63]. Separately, the 

association of the N-terminal region of MLL1 with Menin (MEN1) is required for the 

regulation of MLL1 target genes and mediates the oncogenicity of MLL1 translocations 

[64]. While MEN1 itself lacks a DNA binding domain, association with DNA binding 

proteins including MLL1 enhances MEN1 oncogenicity. Thus, small molecules targeting the 

MLL1-MEN1 interface are under preclinical development (MI-463, MI-503) and have been 

shown to prevent the MLL1-MEN1 association and in so doing, block the progression of 

MLL1-rearranged leukemias [65]. As a result, at least one MLL1-MEN1 inhibitor is poised 

to enter early stage clinical trials as early as 2017. The most frequent MLL1 translocations 

lose the SET domain that is responsible for H3K4 methyltransferase activity as a result of 

the in-frame fusion to sequences from ENL, AF4, AF9, or AF10. These specific MLL-

fusion proteins directly or indirectly recruit the H3K79 histone methyltransferase Dot1L and 

direct Dot1L histone methyltransferase activity to MLL1 targets. As a result, many MLL1-

rearranged leukemias are sensitive to Dot1L inhibition [66]. The Dot1l inhibitor EPZ-5676 

(Pinometostat) has been shown to reduce H3K79 methylation and MLL1 target gene 

expression, which inhibits cell proliferation in in vitro and in vivo models of MLL1-

rearranged leukemias and has since moved into Phase I and II clinical trials [66]. Recently, 

MLL1 rearrangement in primary human patient samples and human cancer derived cell lines 

originating from acute myeloid leukemia (AML) was shown to enhance sensitivity to PI3K-

pathway inhibition [67]. Dual PI3K/mTOR inhibition reduced tumor burden and prolonged 

survival in a preclinical AML model characterized by MLL1-AF9 translocation. It is 

tempting to speculate that combined PI3K/mTOR and MLL1 or Dot1L inhibition may be an 

efficacious and durable therapeutic strategy for leukemias characterized by MLL1 

translocations, irrespective of PI3K pathway activation.

While the majority of preclinical studies to date utilize MLL1-selective inhibition in MLL1-

rearranged leukemias, some solid tumors may also be suitable targets for MLL1 inhibition. 

For example, loss of MLL1 expression in breast cancer cell lines characterized by gain of 

function p53 mutations and wild type MLL1 reduces tumor formation [68]. Recent reports 

suggest MEN1 itself may be an oncogene, as high expression in Estrogen Receptor (ER)-

positive breast cancer correlates with poor clinical outcome [69]. Moreover, MEN1 has been 

shown to associate with ER and facilitate the recruitment of MLL1, which increases 

promoter-associated H3K4me3 and the transcription of ER-responsive genes [69].
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Similarly, MEN1 associates with Androgen Receptor (AR) and the MLL1 complex in 

castration resistant prostate cancer (CRPC). This MEN1-MLL1 complex binds AR on the 

promoters of AR target genes, and inhibition of the MLL1-MEN1 interaction reduces 

prostate cancer growth in preclinical models of CRPC [70]. These data suggest that solid 

tumors characterized by MLL1 amplification, MEN1 overexpression, or elevated H3K4me3 

may be candidates for MLL1 inhibition, either through small molecule inhibitors targeting 

the MLL1-MEN1 or the MLL1-WDR5 interface.

Conclusion

The contribution of PI3K/AKT on epigenomic modulation, transcriptional activation, and 

cancer is considerable. Future progress in the treatment of PI3K pathway activated solid 

tumors should explore additional mechanism-based therapy combinations that are driven by 

restoring the normal balance of repressive and activating chromatin modifications. Progress 

in which PI3K pathway-targeted agents are combined with inhibitors targeting chromatin 

modification may produce invaluable preclinical mechanistic insight and antitumor activity 

in the clinic.
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Figure 1. AKT-mediated substrate phosphorylation promotes transcriptional competence
Using multiple mechanisms, PI3K/AKT pathway activation primes chromatin for 

subsequent transcriptional activation. From Left to Right: The DNA methyltransferase 

DNMT1/3a dissociates with chromatin following phosphorylation by AKT, causing DNA 

hypomethylation at promoter CpG islands, which has been shown to increase gene 

expression. AKT-mediated phosphorylation of the histone methyltransferase EZH2 

decreases EZH2 affinity for chromatin, reducing the repressive promoter-associated 

H3K27me3 modification. Phosphorylation of the histone demethylase KDM5A increases its 

cytoplasmic localization, thereby increasing promoter H3K4me3 and transcriptional 

competence. Histone acetyltransferase activity and substrate affinity of p300/CBP is 

enhanced with AKT phosphorylation, increasing H3K56 and other lysine acetylation and 

transcriptional activation. CBP phosphorylation at T1871 has also been shown to specifically 

reduce H3K18ac, thereby contributing to oncogenic growth. PI3K/AKT has also been 

reported to have other effects on chromatin; Bmi1 phosphorylation by AKT promotes H2A 

ubiquitination and AKT-mediated phosphorylation of the histone acetyltransferase MOZ 

affects alters p53 acetylation and function, both of which independently modulate tumor 

suppressor expression.
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Figure 2. Therapeutic inhibition of the PI3K/AKT pathway in cancer
PI3K/AKT pathway hyperactivation represents a viable therapeutic modality in cancer. The 

blue box indicates PI3K inhibitors with preclinical and/or clinical activity. Non-selective, 

“pan” PI3K inhibitors target all class I PI3K isoforms and p110α-selective inhibitors are 

biologically active against tumors with p110α hyperactivation through upstream RTK 

activation or direct p110α mutational activation. P110β-selective inhibitors are efficacious in 

the treatment of tumors characterized by PTEN genomic alteration, and the p110δ-selective 

inhibitor Idelalisib is effective in blocking PI3K-mediated B cell receptor signaling and is 

FDA approved for the treatment of relapsed chronic lymphoid leukemia (CLL). The purple 

box highlights AKT inhibitors, which are most effective in the treatment of tumors 

characterized by AKT genomic alteration but may also possess therapeutic benefit in PI3K 

hyperactivated tumors. mTORC1, dual mTORC1/2, and dual-specificity mTOR/PI3K 

inhibitors are represented in the orange box. Currently several rapalogues are FDA-approved 

for multiple cancer indications.
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Figure 3. Therapeutic modulation of chromatin in cancer
Inhibitors targeting chromatin modification also show anti-tumorigenic activity in preclinical 

and clinical studies and have limited FDA-approval to date. Highlighted here, non-selective 

HDAC inhibitors maintain histone acetylation, which in some cases also inhibit H3K4me3 

to reduce transcriptional activation. Preclinical synergistic activity observed with combined 

HDAC and PI3K inhibitors launched the development of the dual specificity HDAC/PI3K 

inhibitor CUDC-907. DNMT inhibitors reduce CpG island methylation and in so doing, 

restore gene expression. This is especially critical at genomic loci encoding tumor 

suppressors such as PTEN, where transcriptional silencing is associated with promoter DNA 

hypermethylation and is a common event in cancer. The Dot1L inhibitor Pinometostat has 

shown in vivo efficacy for the treatment of MLL1-rearranged (MLL1-r) leukemias and is 

currently in Phase I/II clinical trials.
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