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Abstract 

Two decades have passed since the discovery of the tumour suppressor, PTEN. A multitude 
of biological functions have since been revealed suggesting potential therapeutic 
applications for both PTEN activation (e.g. cancer) and inhibition (e.g. neuroregeneration). 
Nevertheless PTEN’s therapeutic potential has been called into question due to its “risky” 
profile as a tumour suppressor. To evaluate PTEN function and its various roles in disease a 
number of molecules have so far been developed. However, intrinsic problems associated 
with phosphatase inhibition and PTEN’s complex regulation via post-translational 
modifications hinder straight forward access to PTEN modulators. For this reason, central 
questions associated with PTEN targeting remain unanswered. In this perspective, we 
summarise current PTEN targeting strategies and discuss potential approaches to modulate 
its functional dose. 

Introduction 

In 1997, a tumor suppressor was discovered independently by three different groups.1–3 The 
phosphatase-encoding gene was named Mutated in Multiple Advanced Cancers (MMAC1) 
by the first group, as its deletion induces aggressive tumorigenesis across brain, breast and 
prostate cell lines. In the second case, it was given the name Phosphatase and TENsin 
Homolog on Chromosome 10 (PTEN) due to the fact of increased occurrence of loss of 
heterozygosity in the 10q22 - 26 region of chromosome 10 in a variety of tumors, 
respectively.2,4 PTEN was rapidly endorsed as an essential tumor suppressor and in the last 
twenty years identified as an omnipresent modulator of cell growth and proliferation, 
mainly due to its lipid phosphatase activity.5 In addition to being the second most commonly 
mutated tumor suppressor in around 30 % of human cancerous tumors6,7, PTEN 
dysregulation is involved in a broad range of non-oncogenic illnesses, such as autism and 
Alzheimer’s disease.8,9 

PTEN is a protein consisting of 403 amino acids with a number of additional proteoforms.10 
Its main tumor suppressor activity is based on dephosphorylation of phosphatidylinositol 
(3,4,5)-trisphosphate (PIP3) to phosphatidylinositol-4,5-bisphosphate (PIP2) at the plasma 
membrane11 and by that counteracting phosphoinositide 3-kinase (PI3K) signaling (figure 
1).12 PTEN inhibits AKT-dependent pathways, such as BAD/MDM2, FOXO, GSK3 and mTOR 
axis, which are directly involved in cell survival, cell cycle progression, metabolic stimulation 
and protein synthesis.11 Phosphatase activity, as well as subcellular localization of PTEN is 
dynamically controlled by post-translational modifications (PTMs).13 Acetylation, oxidation, 
phosphorylation, sumoylation and ubiquitination are the most common PTMs.13 
Phosphorylation of PTEN’s C-tail stimulates  
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Figure 1. Schematic overview of PTEN biogenesis and regulation; PTEN transcription is regulated by various 
transcription factors. PTEN mRNA is a target of a number of miRNAs including miR-21. The PTEN protein is a 
membrane-active lipid phosphatase which primarily dephosphorylates PIP3 to provide PIP2, thereby antagonizing 
AKT signalling. Membrane-localized open PTEN also engages in a number of protein‒protein interactions (PPIs) 
with PDZ-containing proteins. PTEN phosphorylation results in a closed state which promotes membrane 
dissociation while ubiquitination can promote nuclear localisation. 

electrostatic interactions with its membrane-binding region, producing a conformational 
closed state with diminished membrane association and phosphatase activity (figure 1).14 
Autodephosphorylation supposedly contributes to reopening of the closed state of 
PTEN.15,16 Polyubiquitination by NEDD4-1 or other enzymes classically mark PTEN for 
proteasomal degradation, whilst monoubiquitination on the other hand promotes nuclear 
import.17 Direct inhibition of PTENs phosphatase activity, seen when its catalytic cysteine is 
oxidized by reactive oxygen species (e.g. H2O2) are mediated by other certain PTMs.18,19 
PTEN also recognizes other substrates than PIP3 and is involved in a number of protein-
protein interactions (PPI).20,21 PPIs involving one of PTEN’s globular phosphatase- or 
C2-domain are known to suppress the enzymatic activity of PTEN. Some of these interaction 
partners are e.g. PREX2a, SIPL1 or Man2C1. Interactions of certain PDZ-domain-harboring 
proteins, such as DLG1, MAST2 or NHERF1 with the PDZ-binding motif of PTEN often raise 
PTEN’s phosphatase activity at the plasma membrane.21 In the nucleus, PTEN-mediated 
protein interactions increase the activity of various protein substrates, such as the E3 
ubiquitin ligase APC/C as well as the kinetochore-binding protein CENP-C or p53.21 
Commonly, it was shown that nucleosomal interactions of PTEN enhance chromosomal 
stability and healthy cell-cycle progression.21 Nevertheless, it remains uncertain whether 
PTEN’s phosphatase activity collaborates with these effects. Numerous transcription 
factors, such as ATF2, EGR-1, p53 and PPARg, control PTEN at locus 10q23.22 PTEN gets 
transcriptionally repressed by proteins like C-Jun, HES-1 and NF-κB. Epigenetic repression 
occurs via methylation of the PTEN promotor or via histone deacetylase-containing 
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complexes, such as NuRD/Mi2 or PML/RARα.22–24 Upon transcription, PTEN mRNA goes 
through splicing and is translocated to the cytosol, where it becomes a target for 
miRNA-guided degradation (figure 1).25 Next to the prominent PTEN-targeting miRNAs 
(oncogenic miR-19, miR-21 and miR-221)26–28, multiple long non-coding RNAs (lncRNAs) 
supposedly prevent miRNAs from binding to PTEN mRNA and therefore add another layer 
of regulatory complexity, however the biological understanding of this mechanism is not 
yet elucidated.29–31 

The modulation of PTEN activity and/or PTEN protein levels is considered a potential 
therapeutic strategy for a number of disease states. In that context, the term “functional 
dose” was brought in to define the overall amount of PTEN engaging in 
phosphatase-independent and dependent activities.32 Given PTEN’s central role in the 
regulation of cell growth and proliferation, changes to its functional dose trigger profound 
biological effects that are expected to be of therapeutic use.33 To seek for the development 
of anti-cancer therapies, the treatment of cancer predisposition syndromes and the 
treatment of certain forms of autism, increasing PTEN’s functional dose has been pursued 
to promote its tumor suppressor activity. In contrast, reduction of the functional dose 
stimulates cell growth and cell proliferation, which is considered to be beneficial in 
regenerative medicine, e.g., in Alzheimer’s disease, ischemia or after stroke. However, it is 
not clear to what extent such strategies may induce cancer formation. 

In this chapter, strategies to increase and reduce PTENs functional dose, taking all stages of 
PTEN biogenesis from targeting of relevant miRNAs, the PTEN gene and mRNA as well as 
the direct protein modulation into count, are summarized (figure 2). Emerging technologies 
that may provide valuable PTEN-targeting strategies are highlighted; ending in a conclusion 
of PTEN’s potential as a therapeutic target and the risks linked with its central tumor 
suppressor function. 

 
Figure 2. Overview of potential therapeutic applications and strategies towards PTEN modulation. 
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Increase of PTEN’s Functional Dose 

Increasing and re-instating PTEN’s functional dose has been proposed as an anti-cancer 
strategy. This strategy is based on the fact that even partial PTEN inactivation is already able 
to promote tumorigenesis.34 The inactivation of the PTEN is seen in an array of cancers with 
COSMIC (catalog of somatic mutations in cancer) listings over 3 000 PTEN mutations in 30 
distinct tissue types. 34 All these somatic mutations either disable the active site of PTEN or 
hinder membrane binding via alteration of the C2 domain.35 Increasing of PTEN’s functional 
dose may find application in other diseases like distinctive types of autism or autism 
spectrum disorders, where germline mutations of PTEN led to expanded synapse growth, 
manifesting in synaptic hyperactivity and excitability.36,37 Those germline mutations also led 
to cancer predisposition syndromes, such as Bannayan-Riley-Ruvalcaba syndrome, Cowden 
disease and Proteus syndrome.38–40 For those patients, it may be beneficial to have an 
increased functional dose of PTEN. Unfortunately, boosting PTEN’s functional dose is a 
notably challenging venture, and depending on the disease context, it may require special 
and distinct strategies. Until now, miRNA targeting, gene editing and PTEN protein delivery 
have been pursued to increase PTEN’s functional dose (figure 2). 

Inhibition of PTEN-Targeting miRNAs 

PTEN mRNA is subject to translational repression by a host of miRNAs. This suggests that 
miRNA inhibition could provide a route to increase the functional dose of PTEN. Briefly 
explained, miRNAs are short, non-coding RNAs that are transcribed as a part of a large stem-
loop-containing pri-miRNA (figure 3a). Those pri-miRNAs are recognized by the RNase 
Drosha to provide smaller, hairpin-like sequences, known as pre-miRNAs. Consequent to 
the nuclear export, pre-miRNAs undergo a cleavage by the RNase Dicer to generate mature 
miRNA duplexes of around 21 base pairs with short unpaired terminal overlaps. One of the 
two strands of mature miRNA (guide strand) is then incorporated into the RNA-induced 
silencing complex (RISC) to recognize complementary or closely related mRNA sequences 
and thereby blocking translation and/or promote mRNA degradation.41,42 These RISC-
associated miRNAs often recognize multiple mRNA targets through their short length. That 
is why many PTEN-targeting miRNAs also regulate other genes, e.g. miR-19 (BIM, BCL2, 
Prkaa2), miR-21 (PDC4, RECK, TPM1), and miR-221 (BMF, BBC3/ PUMA, CDKN1B).43–45  
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Figure 3. Inhibition of PTEN-targeting miRNAs, a) miRNA biogenesis and function; b) pre-mir-21 sequence with 
mature miR-21 (red) and guide strand highlighted; c) Examples of oligonucleotides used to target miRNAs; 
d) Chemical structures of miR-21 targeting molecules including NMR structure of L50 bound to truncated pre-mir-
21 (nt 22-51, PDB ID 5uzz).63 

The term oncomiRs has been introduced to denote abnormal transcribed miRNAs which 
dysregulate mRNA of tumor suppressors and oncogenes.46 miR-21 is such an oncomiR: by 
targeting PTEN, it is implicated in the progression of colorectal, hepatocellular and lung 
cancer.27,47,48 Its inhibition has been pursued extensively in the last years. Based on this and 
on the fact that miR-21 evolved as a prime target for therapeutic application, the next 
section mainly deals with miR-21 targeting in order to increase PTEN’s functional dose. 

Direct Inhibition of Mature miR-21 

A number of antisense oligonucleotides (ASOs) have been developed to target miR-21 guide 
strands, called anti-miR-21s.49 ASOs are composed of DNA or artificial DNA-analogues and 
target complementary mRNA strands through Watson-Crick base-pairing. A broad screen of 
anti-miR-21 backbone modifications has been performed.50,51 While both 2’-O-Me and 2’-
O-methoxy-ethyl (MOE)-modified derivatives showed comparable miR-21 affinities in 
biochemical assays, 2’-O-MOE anti-miR exhibited superior, cell-based miR-21 inhibition, 
most likely due to its higher nuclease stability.51 In another approach, long-lasting miR-21 
inhibition in vivo was achieved through short phosphorothioate-based LNAs which targets 
the seed region of miR-21 with sub-nanomolar affinity.52 To improve nuclease stability of 
anti-miR-21s, they have been assembled with aid of selenomethylene-locked nucleic acids 
(SeLNA).53,54 Instead of blocking miR-21, like the mentioned ASOs do, alternatives which 
degrade miR-21 are desired.55 For this purpose, hybrid anti-miRs containing both 
unmodified and chemically modified building blocks have been employed to allow for RNase 
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H degradation of miR-21.51,56 Supplementary, catalytically active oligonucleotides have 
been developed that are capable of cleaving complementary single-stranded RNA. For 
example, Hammerhead ribozymes were created to diminish miR-21 levels in human 
glioblastoma cells, having resulted in increased PTEN protein levels.57,58 

Inhibition of miR-21 Maturation 

Next to direct engaging of miRNAs, inhibition of miRNA maturation has been pursued.59,60 
Targeting miRNA precursors is challenging due to their flexibility, charged character and 
their lack of atypical ligand recognition motifs.59 While in principle anti-miRs can engage the 
sequences of miRNA precursors (e.g., pre-miR-21), they usually exhibit substantially lower 
affinities due to the self-complementarity of precursor hairpin structures. As an alternative, 
two classes of small molecules bearing general RNA-binding tendencies have been 
developed. Those classes are bulges and aromatic scaffolds intercalating with RNA duplexes 
and saccharide-derived structures that often target RNA loops. Binding of pre-miR-21 by 
bioactive aminoglycosides like kanamycin, neomycin and streptomycin has been reported 
to lead to relatively low levels of Dicer cleavage inhibition. 64,65 To enhance this potency, a 
combination of the pre-miR-21 binder neomycin and a small molecule inhibitor of Dicer has 
been developed. Due to this bifunctional neomycin derivate 7a, an increase of more than 
two orders of magnitude of Dicer inhibition was achieved and in cell-based assays a 
selectively reduced miR-21 level was observed (figure 3d).65 Small-molecule screening 
campaigns for pre-miR-21 binders or maturation inhibitors have proven feasible, yielding a 
few relatively low affinity tool compounds.66–69 

A recent screen of 20 000 compounds presented the potential modulator comp13, which 
showed low micromolar affinity for pre-miR-21 and was found to inhibit Dicer cleavage in 
biochemical assays (figure 3d).66 Next to small molecules, peptides have gained attention 
for inhibiting such challenging biological targets. Peptides harbor large binding surfaces and 
unique conformational propensities.70 A linear 12-mer peptide with high affinity for pre-
miR-21 (Kd = 13 nM), inhibiting Dicer processing and at once upregulating PTEN expression 
in cell-based assays, has been found using phage display (figure 3d).71 Mirror-image phage 
display of disulfide-bridged peptides against pre-miR-21 was performed to address the 
inherent protease susceptibility of peptides in a separate study. Here, L-peptides were 
screened against the L-enantiomer of RNA (mirror RNA). After that, the corresponding hit 
sequences were used as templates for D-peptides to bind natural D-RNA. For pre-miR-21, a 
D-peptide-7 was generated, which displayed a moderate affinity in biochemical assays.72 
Recently, pre-miR-21 was also screened against a small cyclic peptide library based on the 
RNA-binding domain of the bovine immunodeficiency virus’ Tat sequence. With the aid of 
an electromobility shift assay, the cyclic peptide L50 was identified (figure 3d). Later on, this 
peptide showed inhibition of Dicer cleavage in vitro and was characterized as a selective 
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and high-affinity pre-miR-21 binder (Kd = 0.2 µM). The structure of pre-miR-21/L50 complex 
was elucidated via nuclear magnetic resonance (NMR). Interestingly, L50 binds to the major 
groove of the stem region adjacent to the apical loop, thereby blocking sites of Dicer 
cleavage.63 

PTEN Gene Introduction 

Another strategy to increase PTEN’s functional dose has been shortly reported: PTEN’s gene 
introduction. Adenoviral vectors introduced exogenous PTEN into PTENnull human bladder 
cancer cells. Here, it was found to withhold tumor cell growth via the repudiation of AKT 
signaling.73 Consecutive studies yielded similar results involving human colorectal and 
prostate cancer cells.74,75 Additionally, gene editing successfully reduced tumor growth in 
xenograft mice for human bladder and colorectal cancer.74,76 Noticeably, the introduction 
of additional PTEN genes into cells with physiological PTEN levels only had little effect, 
supporting the therapeutic applicability of this approach77. Even more remarkably, mice 
with systemically elevated PTEN levels (‘‘Super-PTEN’’ mutants) display healthy phenotypes 
and are characterized with heightened resistance to cancer.78 

PTEN Protein Delivery 

In addition to antibodies, peptides, and hormones, a growing list of protein-based 
therapeutics have received regulatory approval in the last years.79 Nevertheless, 
therapeutic protein delivery still remains a challenge. Although many issues have been 
overcome, degradation and the low membrane permeability continue to be a hurdle. 80 Still, 
there are studies that approach intracellular delivery of certain PTEN variants. In one 
example, fluorescence microscopy confirmed intracellular delivery of labelled PTEN 
nanoparticles, which were introduced in prostate cancer cells (PC-3) as PTEN functionalized 
cationic lipidoid nanoparticles via antagonism of AKT signaling and promoted apoptosis of 
PTEN-null.81 Comparably, silica nanoparticles are also able to promote PTEN’s cellular 
uptake.82 Alternatively, it was reported that a cell-permeable, translational variant of PTEN 
(PTEN-long) can inhibit PI3K signaling and induce tumor cell apoptosis in vitro as well as 
regression of PTEN-null xenograft tumors in mice.83 

Increase of PTEN Dose: Conclusion and Outlook 

All in all, the increase of PTEN’s functional dose represents an alternative to inhibitors of 
AKT, mTOR, or PI3K, of which most have faced efficacy issues related to therapeutic 
resistance.84 There are plenty ways of increasing PTEN’s functional dose, one of them 
dealing with the direct miR-21 targeting. Novel ASO-based inhibitors of miR-21 can be 
developed with aid of the full range of available DNA-analogs, such as PNA and morpholinos, 
but this still needs to be explored.85 As ASOs bare delivery issues, targeting of miRNA 
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maturation gains more interest and becomes increasingly investigated. Small molecules, 
covalent inhibitor strategies and the application of dynamic combinatorial libraries can be 
expected to ease the discovery of novel pre-miR-21 ligands.86 On the other hand, peptide-
derived structures, such as accomplishments of a phage display87 and by protein design88, 
as well as screened peptidomimetics like peptoid ligands89,90 hold potential and showed 
suitability providing selective pri- or pre-miR-21 binders. In a screening for alternative 
modalities, aptamers appeared to be an additional source of novel ligands.91 Next, 
additional PTEN-targeting oncomiRs should be considered as well. Recent advances in 
CRISPR/Cas 9 gene editing and other systems maintain a potentially powerful platform to 
correct for somatic PTEN mutations. But many difficulties still need to be overcome with 
regard to undesired immunogenicity and non-specific genetic modification, before such 
techniques see widespread therapeutic applications.92–95 A different way of achieving 
increase of PTEN’s functional dose involves the protein level of PTEN. Herein, the focus is 
on development of PTEN agonists or molecules activating pathogenic PTEN variants. 
Screening natural product libraries against PTEN could provide a novel source of such 
compounds, similar to the concept of the discovery of allosteric SHIP-1 phosphatase 
activators.96 The design of bifunctional compounds promoting PTENs phosphatase activity 
and beforehand localizing it at the plasma membrane, delivers another plausible PTEN 
activation strategy.97 Next to that, engineered variants of PTEN with enhanced phosphatase 
activity may support a therapeutic application.98 

Reduction of PTEN’s Functional Dose 

Given the following facts, PTEN is gaining interest as a therapeutic target after nerve injuries 
and stroke. Due to its central role as an antagonist of AKT-mediated processes like cell 
proliferation and cell growth, the reduction of PTEN’s functional dose has emerged in 
context of tissue regeneration. Conditional PTEN deletion and subsequent mTOR activation 
has been shown to encourage axon regeneration after crush injuries in optical and spinal 
neurons in the nervous system, where tissue (re)growth is per se protracted.99-101 
Analogously, conditional PTEN deletion enhances cardiomyocyte survival by foreclosing 
ischemia and restricting reperfusion.102,103 The reduction of PTEN’s functional dose may also 
find application in the context of Alzheimer’s disease, as PTEN silencing or inhibition affects 
the membrane localization at synapses affected by β-amyloid aggregation, leading to strong 
reductions in Alzheimer-mediated cognitive deficiencies.8 Approaches to reduce PTEN’s 
functional dose involve targeting of PTEN mRNA, anti-gene strategies and the direct protein 
inhibition (figure 2).  
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Targeting PTEN mRNA and PTEN Gene Editing 

Inhibition of PTEN biogenesis has been carried by RNAi strategies based on e.g. short 
interfering RNA (siRNA) and short hairpin RNA (shRNA). Their therapeutic application has 
been explored with the support of specialized delivery modalities.104,105 For example, using 
lipopeptide nanoparticles for targeted delivery of PTEN-specific siRNAs to liver hepatocytes 
in mice led to an 80 % reduction in expression levels.106 In the case of PTEN-targeting shRNA, 
delivery via tyrosine-mutated adeno-associated virus (AAV) vectors induced mTOR-
mediated axon regeneration in rat optic nerves.107 Besides RNAi strategies, ASOs have been 
widely used to pursue PTEN biogenesis inhibition. They hinder translational processing 
and/or induce nuclease-mediated degradation.49 Originally, PTEN mRNA-targeting ASOs 
with a phosphorothioate backbone and 2’-O-MOE-modified ribonucleotides, were reported 
to show a strong biological profile and reduce PTEN protein expression by up to 90 % in 
mouse liver tissues.108 Another approach based on locked nucleic acid (LNA) analogues 
brought even greater potency but also greater levels of hepatoxicity in vivo.109 Additionally 
to target PTEN’s gene products, proof-of-principle studies for direct inhibition of PTEN 
transcription, so called antigene strategies, have been described.110,111 Here, PTEN was 
deleted in mouse sensimotor cortices using an AAV-Cre-mediated system to induce mTor-
mediated corticospinal regeneration after injury.99 Noticeably, cortical neurons showed 
healthy phenotypes and no tumorigenesis even after a long time of PTEN deletion (>12 
months).112 

Direct Targeting of PTEN Function 

The PTEN protein consists of 403 amino acids and harbors two globular domains. The central 
phosphatase- and C2-domain are flanked by flexible regulatory tails (figure 4a).113 PTEN’s 
highly conserved active site around the catalytic cysteine C124 in the canonical phosphate 
binding loop (P loop, aa sequence: (I/V)HCXXGXXR(S/T)) is located in the phosphatase 
domain (figure 4b).113 Both globular domains of PTEN bare a number of surface exposed 
positively charged lysine and arginine residues, thereby mediating plasma membrane 
association of the protein itself.11 The flexible tails of PTEN include other recognition regions 
like a PIP2 recognition site near the N-terminus and a PDZ-binding motif at the C-
terminus.113,114 Two strategies of direct reduction of PTEN’s functional dose have been 
pursued: i) inhibition of PTEN’s phosphatase activity and ii) inhibition of PTEN PPIs. 
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Figure 4. Inhibiton of PTEN phosphatase activity, a) Schemetic overview of PTEN’s structure derived from crystal 
structure (PDB ID: 5bzz19); b) Close-up of PTEN’s acitve site not showing a tartrate molecule originating from 
crystallization buffer (PDB ID 5bzz)19; c) Selection of bpV and VO complexes exhibiting PTEN phosphatase inhibition; 
d) Close-up of PTEN’s active site after bpV-mediated disulfide bridge formation (PDB ID 5bug)harbouring 
orthovanadate19; e) Chemical structures of PTEN inhibitors. 

Inhibition of Phosphatase Activity 

PTEN is known to be a challenging target similar to other protein tyrosine phosphatases 
(PTPs) and so far only a few inhibitor have been developed to inhibit PTEN.115,116 Early PTEN 
inhibitors originated from a screen of bisperoxidovanadium (bpV) complexes with 
promiscuous PTP inhibitory activities.5 Cell-based assays showed selectivity for PTEN above 
PTP-b and PTP-1B in case of complexes such as bpV-OHpic, resulting in activation of AKT-
dependent signaling (figure 4c).117 Formation of those bpV complexes leads to oxidation of 
PTEN’s catalytical cysteine C124. Furthermore, they were applied in a number of in vivo 
studies to inhibit PTEN and induce mTOR-mediated axon regeneration.118–120 

The reversible oxidation of the active-site cysteine results in formation of a disulfide bond 
with the closely positioned cysteine C71 under formation of orthovanadate, which is also 
known to inhibit various other human enzymes (figure 4d).19,121 Vanadyl complexes (VO) 
such as VO-OHpic have also been proven to inhibit PTEN’s phosphatase activity in vitro and 
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thereby trigger increased PIP3 levels and AKT translocation in NIH 3T3 fibroblasts (figure 
4C).122 Mechanistically, the VO complexes are proposed to inhibit PTEN via a non-oxidative 
mechanism. This reversible feature has recently been utilized for activity-based 
phosphatase imaging probes.123 Aside from vanadium-based complexes, SF1670 and the 
naphthoquinone-derived natural product Shikonin have been reported to inhibit PTEN’s 
phosphatase activity, likely through irreversible mechanisms of action (Figure 3e).124–126 

Inhibition of protein-protein interactions 

Next to the direct inhibition of PTEN’s phosphatase activity, PTEN-protein interaction 
inhibition has been examined to reduce PTEN’s functional dose. Therefore, antagonistic 
molecules have been derived from PTEN itself and a membrane-permeable variant of the 
C-terminal PDZ-binding motif of PTEN was developed. This peptide was found to block post-
synaptic PTEN membrane localization and to reduce AKT/GSK3b-directed signaling in 
Alzheimer’s mouse models.8 Other PDZ-derived peptide antagonists were also able to block 
interactions between MAST2 and PTEN.127 Other peptides derived from its phosphatase 
domain or the C-tail, show positive effects on axon growth and recovery in mice which were 
affected by spinal injuries.128 These approaches are per se limited in terms of selectivity, as 
PDZ motifs and other recognition motifs are prevalent in many proteins.129 On the other 
hand, antagonists of PTEN’s binding partners have been described. As an example, PTEN-5-
HT2C receptor (5-HT2CR) complex formation was inhibited and PTEN-mediated 
dephosphorylation both in vivo and in vitro was reduced by a truncated peptide (3L4F) 
derived from an intracellular loop of 5-HT2CR.130,131 

Reduction of PTEN Dose: Conclusion and Outlook 

The development of selective and effective PTEN inhibitors remains an open issue in drug 
discovery. On the translational level, targeting of PTEN mRNA using RNAi strategies and 
ASOs has been proven suitable for the modulation of PTEN’s functional dose. The main 
limiting factor of those techniques for broader applications is the well-documented delivery 
issue.132 Finally, the rise of novel gene editing techniques such as CRISPR/Cas 9, C2c2, or 
Cpf1 could offer potentially efficient access to PTEN deletion in a tissue-specific manner as 
delivery and selectivity issues have been addressed.94 On the protein level, the highly polar 
nature of PTEN’s active site hampers the design of cell-permeable inhibitors, a well-known 
obstacle for all PTP inhibitors.116 Therefore, it is not surprising that inhibitors with a covalent 
and rather unselective mode of action by targeting C124 in the active site are published. To 
target PTEN more specifically and in an irreversible fashion neglecting the active site, 
fragment-based screenings could be considered.133,134 Targeting these alternative sites has 
recently been done with allosteric and bivalent PTP inhibitors, revealing new options for the 
development of selective PTEN inhibitors.135 As the disruption of PTEN-protein interactions 
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showed potential as a target for selective intervention in specific disease contexts, it might 
be envisioned to interfere with more specific functions of PTEN rather than the entire PIP3-
dependent signaling network. Since initial attempts have mainly focused on antagonistic 
unmodified peptides, it may be beneficial to incorporate chemical modifications in the 
truncated peptides to evolve peptidomimetics with higher bio-applicability in terms of e.g. 
cell permeability and selectivity.136 Herein, macrocyclic structures derived from irregular 
loop-like binding epitopes are particularly interesting, as they showed both higher affinity 
and protease stability.137,138 Another example of enhancing bio-applicability is to improve 
cellular uptake- of these peptidomimetics. Some ideas to approach this dispute involve the 
transfer and/or the combination of the characteristics for cell-penetrating peptides 
onto/with the peptidomimetic139,140 or to find strategies that use smaller ligands that only 
form the product upon target engagement.141,142 To conclude the potential of these 
strategies, a more precise understanding of the PTEN interactome is required. Therefore, 
the use of mixed modalities or the stabilization of certain PTEN-involving PPIs could provide 
more selective agents or novel probes.143,144 

Conclusion 

Since PTEN’s discovery in 1997, 20 years have passed. Many fundamental insights into 
PTEN’s phosphatase activity, its structure and its tumor suppressor function have been 
pieced together. Within the last 10 years, the understanding of the extent and the subtleties 
of PTEN regulation from the transcriptional level to PTMs has risen. Although getting to 
know all nuances and gaining detailed insight, many more questions regarding PTEN biology 
remain to be answered or arise freshly: What are the precise, nuclear roles of PTEN? How 
do phosphatase-independent functions contribute to its tumor suppressor activity? What 
is the biological significance of PTEN’s growing list of isoforms and translational variants? 
To what degree does epigenetic regulation affect PTEN functional dose? How is PTEN dose 
affected by oncomiR networks? Within the upcoming decade the elucidation of these 
remaining aspects of PTEN biology and more therapeutically relevant targeting strategies 
can be expected. For this purpose, it is important to identify disease contexts in which PTEN-
targeting is systemically tolerated.  

Undoubtedly, increasing PTEN’s functional dose is of prime interest as an anti-cancer 
strategy, but is also extremely challenging, mainly due to lack of PTEN-activating agents and 
general shortcomings related to miRNA targeting. Aiming for therapeutically relevant 
reduction of PTEN’s functional dose, all levels of PTEN biogenesis and regulation must be 
considered. It still remains to be seen if certain oncogenic PTEN variants are tractable as 
drug targets themselves and if PTEN’s post translationally-modified derivatives can be 
selectively modulated. Next, the reduction of PTEN’s functional dose connected with its 

DOI: 10.1016/j.chembiol.2017.10.009



Chapter 5 - The Therapeutical Potential of PTEN 
 

124 

“risky” profile as a tumor suppressor has to be considered. While recent studies suggest a 
possible therapeutic window for PTEN dose reduction without triggering tumorigenesis, 
dysfunctional outcomes of PTEN deletion in the past have raised questions over its 
therapeutic suitability.99,112,145,146 To overcome those issues, it is important to identify 
potent and selective inhibitors, allowing selective short-term inhibition of PTEN in a 
preferably tissue-specific manner. Considering the availability of new targeting paradigms 
such selective ribosomal inhibitors, spliceosome inhibitors or targeted protein degradation 
approaches like PROTACS147–149, we believe that compounds will arise from protein- or 
mRNA-targeting approaches. 

Taken together, we can conclude that PTEN is certainly an intriguing therapeutic target, but 
more efforts are required to define relevant indications both for an increase and a reduction 
of PTEN’s functional dose. Chemical tools allowing selective modulation of the various PTEN 
functions are required to address this question. Various options should be considered, not 
only the protein’s phosphatase activity, PPIs, and PTMs but also the PTEN encoding gene 
and mRNA, including regulatory miRNAs. For that reason, the different subfields have to 
move closer together and resulting tool compounds need to be tested more rigorously in 
biologically relevant systems. 
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