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Abstract

Phosphatase and tensin homolog deleted on chromosome ten (PTEN) is a phosphatase that is

frequently altered in cancer. PTEN has phosphatase-dependent and - independent roles; and

genetic alterations in PTEN lead to deregulation of protein synthesis, cell cycle, migration, growth,

DNA repair, and survival signaling. PTEN localization, stability, conformation, and phosphatase

activity are controlled by an array of protein-protein interactions and post-translational

modifications. Thus, PTEN-interacting and modifying proteins have profound effects on PTEN’s

tumor suppressive functions. Moreover, recent studies identified mechanisms by which PTEN can

exit cells, either via exosomal export or secretion, and act on neighboring cells. This review

focuses on modes of PTEN protein regulation and ways in which perturbations in this regulation

may lead to disease.
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Importance of PTEN function and regulation

Phosphatase and tensin homologue deleted on chromosome ten (PTEN) was originally

identified as a tumor suppressor frequently lost from a region of chromosome 10q23 in a

variety of human tumors including those of the brain, breast, and prostate [1, 2]. To date, the

COSMIC cancer database currently lists >2700 mutations in PTEN from 28 different tumor

types, and the cBio portal of The Cancer Genome Atlas (TCGA) lists 1120 mutations in 27

tumor types (Figure 1) [3, 4] (http://cancer.sanger.ac.uk/cancergenome/projects/cosmic).

PTEN is a dual specificity protein and lipid phosphatase, and its primary cellular substrate is

the second messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which it hydrolyzes

to phosphatidylinositol (4,5)-bisphosphate (PIP2) (Figure 2) [5–8]. PTEN blocks

phosphatidylinositol 3 kinase (PI3K) signaling by inhibiting PIP3 dependent processes such
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as the membrane recruitment and activation of AKT, therefore inhibiting cell survival,

growth, and proliferation. PTEN thus occupies a critical node for the inhibition of oncogenic

transformation (Figure 2). Mounting evidence indicates that PTEN also has significant PIP3-

independent functions. Specifically, PTEN protein phosphatase activity is critical for PTEN

mediated inhibition of cellular migration[9]. In glioma cells, it has been shown that the

protein phosphatase activity of PTEN is required to induce PTEN phosphorylation and

inhibit cellular migration [10]. Furthermore, there is evidence that PTEN phosphatase

activity may regulate glioma cell migration by suppressing Src family kinases [11]. It has

also been reported that PTEN dephosphorylates focal adhesion kinase, leading to reduced

cell migration and spreading in fibroblasts [12]. PTEN also has nuclear functions, which are

likely independent of its ability to antagonize PI3K signaling. A variety of proteins have

been shown to affect PTEN nuclear localization, thereby impacting PTEN’s ability to act in

the nucleus and promote genomic stability [13–15]. In addition to protein regulation, a

variety of studies have shown that PTEN is down regulated by promoter methylation in

thyroid, breast, lung, endometrial, ovarian, gastric, and brain tumors [13]. PTEN has also

been shown to be silenced by the expression of a number of micro-RNAs and non-coding

RNAs [13]. These events are critical as it has been demonstrated that subtle changes in the

dose of PTEN can have profound effects on tumor susceptibility [16, 17].

The importance of PTEN in tumor suppression is confirmed by the existence of germline

mutations of PTEN in the PTEN Hereditary Tumor Syndromes (PHTS) including Cowden

disease, Bannayan-Riley-Ruvalcaba Syndrome, Proteus syndrome, and Proteus like

syndrome [18–20]. Patients with PHTS develop benign hamartomas in a variety of organs,

and are more likely to develop thyroid or breast cancer [21]. It has been demonstrated that

mutations of PTEN in PHTS patients cause deregulation of PI3K signaling and activation of

AKT [22]. Mutations in PTEN are also associated with macrocephaly and autism spectrum

disorder [23].

Many of the phenotypes seen as a result of PTEN loss in humans have been recapitulated in

mice. Pten−/− mice die during embryonic development; however, Pten+/− mice are viable

and develop neoplasms of the breast, prostate, adrenal medulla, endometrium, and intestine,

as well as lymphomas. Tissue-specific deletion of Pten in mouse models results in cancers

of the breast, prostate, lung, bladder, and pancreas [24]. Pten loss has also been shown to

cooperate with a variety of mutations to promote tumor development. Deletion of Pten from

the tumor microenvironment can also have pro-tumor effects on tumor cells that are

wildtype for Pten [25], indicating that PTEN protein produced in one cell can act in

neighboring cells.

Genetic alterations in PTEN have profound effects on development and disease; however,

modes of PTEN protein regulation such as protein-protein interactions, post translational

modifications, and secretion out of the cell, are proving to be equally important for

maintaining proper cellular signaling. This review provides a summary of the ways in which

PTEN protein function is regulated.
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PTEN domains and structure

PTEN encodes a 403-amino acid peptide (Figure 3). The amino acid sequence contains the

signature motif of the protein-tyrosine and dual specificity phosphatase catalytic domain,

HCXXGXXRS/T, as well as homology to tensin and auxilin [1]. Analysis of the PTEN

crystal structure, which includes amino acids 14–351, revealed that amino acids 7–179 make

up the phosphatase domain. It contains a deep and wide catalytic pocket with a positive

charge that is capable of accommodating phospholipid substrates. Amino acids 186–351

form a C2 domain that lacks the canonical Ca2+ chelating residues and binds to phospholipid

membranes independent of calcium. The phosphatase and C2 domains together make up the

minimal catalytic region of PTEN. Not included in the crystal structure are the N-terminal

phosphatidylinositol-4,5-bisphosphate-binding domain (PBD), a loop in the C2 domain

(286–309), and the C-terminal tail (amino acids 353–403) [27]. The PBD, which resides at

the extreme N-terminus of PTEN, has been shown to be important for membrane

localization and PTEN catalytic activity [28, 29], while the C-terminal tail, which contains a

PDZ (PSD-95, Discs-large, ZO-1) binding domain, and is important for PTEN regulation

and stability [30].

PTEN regulation by post-translational modifications

PTEN protein expression and phosphatase activity can be regulated through multiple post-

translational modifications (Figure 3). Reversible oxidation of the catalytic cysteine (Cys)

124, such as by hydrogen peroxide treatment, causes the formation of a disulfide bond with

Cys71 and results in the inactivation of PTEN phosphatase activity. Conversely, PTEN

activity is increased following treatment with ROS scavengers in T-cell acute lymphoblastic

leukemia cells [31, 32].

Acetylation has also been shown to regulate PTEN activity. p300/CREB-binding protein

(CBP)-associated factor (PCAF, also KAT2B) acetylates PTEN in the catalytic cleft at

lysine (Lys) 125 and Lys128. Acetylation of PTEN by PCAF results in decreased catalytic

activity, increased AKT phosphorylation, and decreased PTEN-dependent G1 cell cycle

arrest [33]. It has also been reported that PTEN is acetylated by CBP on Lys402, which is

located in the PDZ binding domain. Acetylation at this site leads to increased binding of

human discs large protein (hDLG) and membrane-associated guanylate kinase inverted-2

(MAGI-2) to PTEN, suggesting that PTEN acetylation by CBP regulates protein interactions

involving the PDZ-binding domain of PTEN [34].

Ubiquitylation of PTEN also regulates PTEN by promoting protein degradation, nuclear

localization, and inhibition of phosphatase activity. Polyubiquitylation by neural precursor

cell expressed developmentally down-regulated protein 4 (NEDD4-1), the first identified E3

ubiquitin ligase for PTEN, results in PTEN protein degradation, whereas

monoubiquitylation is important for PTEN nuclear transport [35, 36]. Despite this, there is

limited evidence of increased Pten protein levels or changes in localization in NEDD4-1

knockout cells, suggesting that other E3 ligases are involved in PTEN ubiquitylation [37,

38]. This is further supported by studies showing that the E3 ligases X-linked inhibitor of

apoptosis (XIAP) and WW domain-containing protein 2 (WWP2) can ubiquitylate PTEN
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[39, 40]. PTEN can also be ubiquitylated by the E3 ligase Ret finger protein (RFP, also

TRIM27) at many lysine residues. Interestingly, ubiquitylation can also inhibit PTEN

phosphatase activity without altering its stability or localization [41, 42]. Addition of Small

Ubiquitin-like Modifiers (SUMO), or SUMOylation, of PTEN has also been implicated in

regulating PTEN cellular localization. Specifically, covalent modifications of PTEN at

Lys266, located in the C2 domain, enhances PTEN plasma membrane binding, reduces AKT

activation and inhibits cellular transformation and tumor progression [43]. Studies have also

shown that SUMOlyation at Lys254 is important for PTEN nuclear localization and

homologous recombination based repair of DNA double strand breaks [43, 44].

Phosphorylation events at multiple sites in the C-terminal tail also regulate PTEN activity.

Phosphorylation occurs mainly at Ser-366, Ser-370, and at a cluster containing Ser-380,

Thr-382, Thr-383, and Ser-385 [30, 45]. Casein kinase 2 (CK2) can phosphorylate PTEN at

Ser-370 and at the Ser-380-Ser-385 cluster, while GSK3 has been shown to phosphorylate

Ser-362 and Thr-366 [46, 47]. There is also evidence of RhoA-associated kinase (ROCK)

phosphorylation of Thr-223, Ser-229, Thr-319 and Thr-321, and Src family kinase mediated

tyrosine phosphorylation at Tyr-240, Tyr-315 and Tyr-336 [48–51]. Interestingly, it appears

that PTEN phosphorylation at specific sites can enhance phosphorylation at distant sites. For

instance, phosphorylation at Ser-370 by CK2 primes PTEN for phosphorylation of Thr-366

by GSK3, while dephosphorylation of Ser-385 leads to reduced phosphorylation of Ser-380,

Thr-382, and Thr-383 [47, 52, 53]. There is also evidence that PTEN can

autodephosphorylate multiple C-terminal residues through its protein phosphatase activity

[26, 54]. Mutational analysis of the Ser-380-Ser-385 cluster revealed that phosphorylation at

these sites causes an increase of PTEN half-life but significantly decreases enzymatic

activity[30]. Phosphorylation status of this cluster of residues is also important for PTEN’s

ability to regulate neuronal spine density [54]. Conversely, Thr-366 phosphorylation leads to

decreased PTEN stability and negatively regulates the ability of PTEN to block cellular

invasion [26, 52]. PTEN phosphorylation has also been shown to regulate cellular

localization, as the introduction of phospho-mimicking mutations at the Ser-380 – Ser-385

cluster results in decreased membrane binding [55]. Phosphorylation of Thr-383 also blocks

the ability of PTEN to inhibit cell migration, suggesting that phosphorylation of the Ser-380-

Ser385 cluster generally decreases PTEN function [10].

Further studies have revealed that PTEN C-terminal tail phosphorylation is critical for the

formation of protein-protein interactions. It has been reported that an intramolecular

interaction occurs between the C-terminal tail and the catalytic region of PTEN.

Phosphorylation of the Ser-380-Ser-385 cluster is required for this interaction, resulting in a

“closed” PTEN conformation that restricts PTEN recruitment to the plasma membrane and

PIP3 access [53, 55]. Furthermore, this “closed” conformation appears to mask the PDZ

binding domain, thereby blocking PTEN binding to PDZ domain containing proteins such as

MAGI-2 [56, 57]. Phosphorylation of other sites outside of the Ser-380-Ser-385 cluster can

also regulate protein binding. For instance, phosphorylation at Thr-366 is required for PTEN

to bind to and inhibit the oncogene MSP58 [58]. Phosphorylation of the PTEN C-terminal

tail also regulates cleavage of PTEN. It has been reported that PTEN is cleaved at multiple

sites on the C-terminal tail by caspase-3, and this cleavage is inhibited by CK2-mediated

Hopkins et al. Page 4

Trends Biochem Sci. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



PTEN phosphorylation at Ser-370 and Ser-385. The resulting PTEN cleavage products

display decreased stability as well as decreased binding to interacting proteins[59].

Phosphorylation of PTEN can be dynamically regulated by various upstream signaling

events. Studies of hypothalamic cells, pancreatic β cells, and hippocampal neurons have

shown that the hormone leptin, which plays a key role in the regulation of energy

expenditure, can stimulate the phosphorylation of PTEN at multiple sites on the C-terminal

tail leading to a reduction in PTEN activity [60, 61]. Phosphorylation of the C-terminal tail

is also increased following receptor activation of T-cells. The cell surface protein

Programmed cell death-1 (PD-1), which inhibits the T-cell response, reduces PTEN

phosphorylation and increases PTEN activity through inhibition of CK2 [62]. Genotoxic

stress has also been implicated in the phosphorylation of PTEN at Thr-398 by ataxia

telangiectasia mutated (ATM) [44]. Alterations in PTEN phosphorylation status have also

been linked to cancer development. For example, PTEN phosphorylation appears to be

upregulated in leukemia cancer cells compared to normal thymocytes through decreased

CK2 expression and activity [32]. Increased PTEN phosphorylation at Ser-380 has also been

observed in gastric tumors, and Notch signaling appears to regulate PTEN phosphorylation

in pancreatic cancer cells [63, 64]. This provides a mechanism of PTEN inactivation in

cancers where no loss of PTEN expression is observed.

Regulation of PTEN by protein-protein interactions

Numerous PTEN-interacting proteins have been discovered (Supplemental Table 1 and

Figure 4), and it is becoming increasingly clear that the tumor suppressive functions of

PTEN can be regulated by its binding partners. Protein-protein interactions likely help to

control PTEN activity during normal development, and such regulatory interactions may go

awry in cancer and other pathologic states. Interacting proteins can influence PTEN function

through various mechanisms, including mislocalization, altered protein stability or

conformation, and regulation of phosphatase activity (Supplemental Table 1).

Many interacting partners can activate PTEN, and this occurs through a variety of

mechanisms. One such mechanism is to increase PTEN stability. Two examples that have

potential cancer relevance are the interactions with melanocortin-1 receptor (MC1R) and the

Fyn-Related Kinase (FRK), both of which interfere with PTEN ubiquitylation [51, 65].

MC1R is primarily expressed in melanocytes and is thought to play a significant role in

melanoma development. It is able to bind to PTEN and prevent ubiquitylation by the E3

ligase WWP2, thereby preventing PTEN degradation. A series of mutations have been

identified in MC1R that confer susceptibility to melanoma. Interestingly, these MC1R

variants are unable to bind PTEN, resulting in higher activation of the PI3K pathway upon

UV exposure, and cooperation with BRAF-V600E to induce melanomagenesis in

melanocytes [65]. Similarly, FRK is a tyrosine kinase that has been shown to phosphorylate

PTEN and antagonize NEDD4-1 ubiquitylation of PTEN, most likely by interfering with

NEDD4-1 binding. Overexpression of FRK in human breast cancer cells reduces invasion

and anchorage independent growth, while knockdown increases anchorage independent

growth and promotes tumor formation in a mouse xenograft model [51]. Consistent with

their potential tumor suppressive functions as PTEN activators, analysis of the TCGA cBio
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portal revealed that these two genes are deleted in various tumor types. The highest rate of

deletion for both proteins is in prostate cancer, where it was reported that MC1R and FRK

were deleted in 8.5% and 7.3% of cases, respectively [3, 4, 66].

Protein-protein interactions can also modulate PTEN activation through regulation of PTEN

localization. For example, the scaffolding proteins Membrane Associated Guanylate Kinase,

WW and PDZ Domain Containing 1b (MAG1b), MAGI2, and MAGI3 facilitate the lipid

phosphatase activity of PTEN by binding to the C-terminal PDZ binding domain of PTEN

and recruiting it to signaling complexes at the membrane [56, 67–69]. RhoA-dependent

activation of PTEN at the posterior edge of a chemotaxing cell also requires PTEN

recruitment to the membrane. This regulation is likely occurring through the RhoA-

dependent kinase, ROCK1, which is able to bind and phosphorylate PTEN [50]. RhoA

activation also leads to the interaction of PTEN with β-arrestins, which are scaffolding

proteins that activate PTEN phosphatase activity. Interestingly, β-arrestins were also found

to block the inhibitory effect of PTEN on cell migration, pointing to differential regulation

of multiple PTEN functions [66]. Additionally, PTEN is recruited to platelet derived growth

factor receptor (PDGFR) at the membrane by the adaptor protein Na+/H+ exchanger

regulatory factor (NHERF, also SLC9A3R1), dampening the activation of the pathway [70].

PTEN is also activated downstream of epidermal growth factor (EGF), which stimulates the

binding of p85 to PTEN, activating the lipid phosphatase activity [71]. Ovarian cancer-

associated mutations in PIK3R1/2, the gene encoding p85, disrupt p85 binding and

destablize PTEN, resulting in an increase in AKT phosphorylation [72]. Both of these

studies suggest that the p85-PTEN interaction is important for the ability of PTEN to

antagonize PI3K signaling. Lastly, neutral endopeptidase (NEP) regulates both PTEN

membrane recruitment and stability to increase PTEN activity in prostate cancer cells [73].

Several proteins that bind PTEN and inhibit its lipid phosphatase activity have been

discovered. It has been shown that one such PTEN-interactor is PtdIns(3,4,5)P3-dependent

RAC exchanger factor 2a (PREX2a), a widely-expressed guanine nucleotide exchange

factor for RAC GTPase [74]. PREX2a binds PTEN via two interfaces: the PREX2a IP4P

domain binds tightly to the PTEN PDZ-binding domain, while the PREX2a DHPH domain

interacts with the catalytic phosphatase and C2 domain of PTEN and inhibits PTEN lipid

phosphatase activity [75]. Thus, PREX2a amplifies PI3K signaling and may be co-opted in

cancer as a means to inhibit PTEN function. PREX2a is upregulated in various cancers and

cooperates with mutant PI3K to transform human breast cells [74]. Furthermore, sequencing

analyses reveal that PREX2a is mutated or amplified in more than 25% of melanomas [4],

and PREX2 mutants have been shown to accelerate tumor formation of immortalized

melanocytes [76].

Another negative regulator of PTEN is shank-interacting protein-like 1 (SHARPIN), a

member of the NF-ĸB-activating linear ubiquitin chain assembly complex [77]. SHARPIN

binds strongly to the PTEN catalytic domain but also interacts weakly with the PTEN C-

terminus [78]. The ubiquitin-like domain of SHARPIN is sufficient to attenuate PTEN lipid

phosphatase activity and enhance PI3K signaling, and SHARPIN expression enhances

xenograft tumor formation through inhibition of PTEN function [78]. PTEN is co-localized

with SHARPIN in PTEN-positive human primary cervical cancer tissues, and SHARPIN
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expression is associated with increased AKT activation in cervical cancer [78]. Thus,

SHARPIN may contribute to oncogenesis via suppression of PTEN activity.

Cytosolic α-mannosidase 2C1 (MAN2C1) is another example of a PTEN-interacting protein

that interferes with PTEN action. MAN2C1 functions as a catabolic enzyme for the

breakdown of free oligosaccharides, and new evidence suggests that it has a separate role as

a regulator of apoptosis [79]. In cancer, overexpression of MAN2C1 promotes tumor growth

and metastasis, while down-regulation of MAN2C1 delays growth and induces apoptosis

[79–82]. MAN2C1 binds PTEN and inhibits its lipid phosphatase activity, however

MAN2C1 may also impair PTEN function by preventing its recruitment to the cell

membrane [83]. Furthermore, MAN2C1 is up-regulated in PTEN-positive prostate cancers

and increased MAN2C1 expression is associated with AKT activation and elevated risk of

prostate cancer recurrence [83]. Thus, in the absence of PTEN mutation, up-regulation of

MAN2C1 may be one mechanism by which tumors down-regulate PTEN function.

While protein interactions often regulate the activity of PTEN, it is also true that PTEN can

regulate the function of its binding partners via these interactions. For example, in the

nucleus PTEN has been shown to interact with four different components of APC/C

(Anaphase Promoting Complex/Cyclosome), which is an E3 ubiquitin ligase that regulates

the degradation of many important proteins in the cell cycle pathway [84]. PTEN was found

to promote the binding of APC/C to CDH1, which is critical for the ubiquitinase activity of

the complex. In addition, the PTEN-APC/C interactions appear to play a role in the ability of

PTEN to suppress cell growth and in the induction of cellular senescence that occurs as a

result of PTEN loss. Interestingly, the effect of PTEN on APC/C occurs independently of its

phosphatase activity [84].

In sum, it is apparent that protein-protein interactions play important roles in controlling

PTEN function. Many PTEN binding partners are mutated in cancer, which may disrupt

PTEN function and promote cancer development. For example, PIK3R1 and PREX2, two

PTEN interactors that affect PTEN lipid phosphatase activity, are mutated in approximately

33% of uterine tumors and 24% of melanomas, respectively [3, 4, 71, 74]. Thus, these

interacting proteins may exert oncogenic or tumor suppressive effects, depending on

whether they enhance or restrain PTEN function.

PTEN-LONG: a secreted PTEN

Regulation of the intracellular localization and activity of PTEN has been well described.

However, several studies have now demonstrated that PTEN is able to exit and exist outside

the cell [85, 86]. One study shows that the canonical PTEN protein is packaged into

exosomes and is transferred from one cell to another by way of vesicles [85]. Another study

identified a translational variant of PTEN, named PTEN-Long, which is translated from an

alternate start site within the 5’ region of PTEN mRNA. The alternatively translated region

(ATR) of PTEN-Long adds an additional 173 N-terminal amino acids to the canonical

protein, and the PTEN-Long ATR is evolutionarily conserved [86]. PTEN-Long is secreted

and can be detected in human serum and plasma. Furthermore, the PTEN-Long ATR

contains a polyarginine stretch with homology to known cell permeable peptides, which
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allows it to enter cells and inhibit PI3K signaling both in vitro and in vivo (Figure 5). Thus,

PTEN-Long can act like a therapeutic agent and cause tumor regression in several mouse

tumor models. PTEN-Long activity may share the same mechanisms of regulation as

canonical PTEN, including the post-translational modifications and protein-protein

interactions mentioned above. However, alternative mechanisms of regulation may exist.

Cellular control of PTEN-Long translation and trafficking are likely to be tightly regulated

and complex processes. Furthermore, interacting proteins may exist that bind to the PTEN-

Long ATR and therefore specifically regulate PTEN-Long function. This is supported by

Malaney et al, who performed computational analysis of the PTEN-Long ATR and predicted

that it is largely unstructured, and may have the potential to interact with a wide array of

other proteins [87].

Concluding Remarks

Given the importance of PTEN in normal development and disease, regulating the location

and level of active PTEN in a cell is critical for maintaining proper homeostasis. Many of

the mechanisms of PTEN regulation involve post-translational modifications and protein-

protein interactions. However, new evidence showing that PTEN is present in different

cellular and extracellular compartments suggests that novel modes of regulation may exist

that have not yet been identified. Understanding the myriad of ways in which PTEN activity

can be regulated remains a critical avenue for future studies, as it is through these

mechanisms that we may come to understand how to modulate PTEN activity for

therapeutic benefit.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

PTEN is an antagonist of PI3K signaling.

PTEN is regulated by PTMs that affect its localization, stability and activity.

Many proteins interact with PTEN, both positively and negatively regulating its activity.

PTEN can be secreted and can enter cells from the outside thereby changing the effective

dose of PTEN.
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Figure 1.
PTEN mutations in cancer. PTEN mutations sites and frequencies were obtained from the

cBio Portal of The Cancer Genome Atlas (TCGA). Green dots represent sites for which the

majority of alterations are missense mutations. Red dots represent sites for which the

majority of alterations are nonsense mutations or frameshifts. Black dots represent sites for

which the majoritiy of alterations are in-frame deletions. Purple dots denote sites for which

alteration types are mixed [3, 4, 66].

Hopkins et al. Page 16

Trends Biochem Sci. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
The functions of PTEN. Phosphatase and Tensin Homologue deleted on chromosome ten

(PTEN) is a lipid phosphatase that antagonizes phosphatidlynositol 3 kinase (PI3K)

signaling by converting phosphatidylinositol (3,4,5) trisphosphate (PIP3) to

phosphatidylinositol (4,5) bisphosphate (PIP2). This negatively regulates Protein Kinase B

(AKT), Phosphatidylinositol Dependent Kinase-1 (PDK1) and other PIP3-dependent

moieties to inhibit growth, protein synthesis, cell cycle progression, metabolism, and

migration and allows for apoptosis and cell cycle arrest down stream of receptor tyrosine

kinase (RTK) activation at the cell surface. PTEN also acts in a PI3K-independent manner,

inhibiting migration and affecting genomic stability, gene expression, and the cell cycle.

Functions that are increased by PTEN are in green whereas those inhibited by PTEN are in

red. The nucleus is denoted with an ‘N,’ the plasma membrane with a ‘PM,’ and the

cytoplasm with a ‘C.’

Hopkins et al. Page 17

Trends Biochem Sci. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Post translational modifications of PTEN. PTEN consists of a PIP2-binding domain (PBD),

phosphatase domain, C2 domain, tail domain and a PDZ binding domain (PDZbd).

Oxidation of PTEN at Cys124 leads to the formation of a disulfide bond with Cys71

(indicated by a broken line) resulting in decreased PTEN activity. PTEN is also acetylated at

Lys125 and Lys128 by p300/CREB-binding protein (CBP)-associated factor (PCAF) and at

Lys402 by CBP. Ubiquitination of PTEN at Lys13 and Lys 289 by NEDD4-1, X-linked

inhibitor of apoptosis (XIAP) and WW domain-containing protein 2 (WWP2) regulates

PTEN stability and cellular localization. PTEN SUMOylation at K254 and K266 is critical

for PTEN tumor suppressive functions. Dynamic phosphorylation of multiple sites on the C-

terminal region of PTEN affects protein stability, phosphatase activity, protein-protein

interactions, and cleavage by caspase-3.
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Figure 4.
PTEN interacting proteins. The binding regions for PTEN-interacting proteins are shown.

PTEN-interactors for which the sites of PTEN binding are unknown are listed in the inset

box. PTEN-interactors that increase PTEN function are shown in green, and interactors that

decrease PTEN function are shown in red.
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Figure 5.
Trafficking of PTEN-LONG. (A) PTEN-LONG (Green *) is translated and can act in its cell

of origin in a manner similar to canonical PTEN. PTEN-Long can act in the nucleus ‘N’,

cytoplasm ‘C,’ or at the plasma membrane ‘PM.’ (B) Translation of PTEN-Long (Red *)

occurs at the endoplasmic reticulum ‘ER’ and the synthesized protein is transported in the

lumen of secretory vesicle. These vesicles then travel to the membrane where they fuse and

release PTEN-LONG into the extracellular space. Once outside the cell, PTEN-LONG can

interact with extracellular proteins and lipids, as well as with heparinated glycoproteins on

the cell surface in order to enter cells. Once inside the cell, PTEN-LONG can act much like

canonical PTEN and traffic within the cytoplasm or migrate to the nucleus, therefore

increasing the intracellular dose of PTEN in the recipient cell.
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