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Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) encodes a 403-amino
acid protein with an amino-terminal domain that shares sequence homology with the actin-
binding protein tensin and the putative tyrosine-protein phosphatase auxilin. Crystal structure
analysis of PTEN has revealed a C2 domain that binds to phospholipids in membranes and a
phosphatase domain that displays dual-specific activity toward both tyrosine (Y), serine (S)/
threonine (T), as well as lipid substrates in vitro. Characterized primarily as a lipid phospha-
tase, PTEN plays important roles in multiple cellular processes including cell growth/survival
as well as metabolism.

PTEN STRUCTURE PREDICTS A DUAL
PROTEIN PHOSPHATASE

I
nitial amino acid sequence analysis suggested
that PTEN belonged to the protein tyrosine

phosphatase family (Nelen et al. 1997). All pro-
tein tyrosine phosphatases (e.g., PTP1B) contain
a signature CX5R motif that forms the catalytic
active pocket termed the P-loop (Fig. 1). The
amino acid selectivity of protein phosphatases
is determined partially by the accessibility of
the catalytic cysteine at the base of the catalytic
cleft (Tautz et al. 2013). For protein tyrosine
phosphatases, the depth of the cleft matches
the length of a phosphotyrosine residue, where-
as the shorter phosphoserine/threonine residues
are not able to reach the catalytic cysteine. In

contrast, typical catalytic loop of dual-specific
phosphatases are at the bottom of a much shal-
lower pocket, which gives access to all three
phosphorylated hydroxyl amino acids (Myers
et al. 1997; Bhattacharyya et al. 2012). The ami-
no-terminal domain of PTEN contains the sig-
nature motif HCKAGKGR for protein tyrosine
phosphatases, forming the P-loop (residues
H123–R130) at the bottom of its active site
pocket with cysteine being at the bottom of the
catalytic pocket (Lee et al. 1999). Uniquely, the
catalytic pocket of PTEN, although it shares a
similar depth as PTP1B, shows a much wider
opening. This wider opening allows tyrosine
and serine/threonine to reach the cysteine even
though it is deep in the pocket. Thus, both phos-
photyrosine and phosphoserine/threonine have
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been found to be substrates for PTEN (Myers
et al. 1997; Lee et al. 1999).

Similar to other protein tyrosine phospha-
tases, the catalytic process of PTEN is mainly
coordinated by three amino acids on the P-
loop and WPD-loop (Tautz et al. 2013). The

catalytic cysteine (C124) of the P-loop initiates
a nucleophilic attack on the phosphorous atom
of the phosphopeptide. This results in the break-
ing of the oxygen–phosphorus bond between
the peptide and its phosphate group, leading
to the formation of a phosphocysteine through

Catalytic domain of PTP1B, classical class I protein
tyrosine phosphatase (PDB ID: 1BZJ)

Catalytic domain of PTEN, dual-specificity
protein phosphatase (PDB ID: 1D5R)

P-loop pβ2-α1-loop

C124

R130

D92

Y46

C215

R221
Q262

D181

K120

TI-loop

WPD-loop

Q-loop
P-loop

E-loop

WPD-loop

pTyr-loop

10 Å

10 Å

Figure 1. Structure of catalytic pocket of PTEN defines it as a dual protein phosphatase and a phosphoinositide
phosphatase. The CX5R motif on protein tyrosine phosphatases forms a P-loop that sits at the catalytic active
pockets. A cysteine at the base of this pocket is required for the phosphatase to react with the substrate. (Top)
Structure of the catalytic pocket of PTP1B, a protein tyrosine phosphatase also contains Q-loop (left),WPD-loop
(top), E-loop (right), and pTyr-loop (bottom) (labeled in green). A conserved glutamine on the Q-loop position a
water molecule for hydrolysis. E-loop functions to regulate the dynamics of the WPD-loop. pTyr-loop controls
specificity of classical PTP substrates. (Bottom) In addition to P-loop and WPD-loop that are also found on
PTP1B, PTEN also contains a TI-loop and a pβ2-α1-loop. TI-loop determines the size of the catalytic pocket of
PTEN and allowed accommodation of large lipids such as phosphatidylinositol 3,4,5-triphosphate (PIP3).
Function of pβ2-α1-loop is not clear but it may have a similar location as pTyr-loop in classical PTPs. (Image
generated using data from the Protein Data Bank and analyzed using the UCSF Chimera software.)
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a phosphorous–sulfur bond. This process is fa-
cilitated by aspartic acid (D92) of theWPD-loop
that donates a proton to the hydroxy leaving
group on the substrate peptide. The oxygen
atom of aspartic acid (D92) also binds to the
hydrogen on the water molecule, allowing the
nucleophilic hydroxy group of the water mole-
cule to hydrolyze the phosphorous–sulfur bond
and release the free phosphate. A guanidinium

group of a conserved arginine (R130) on the P-
loop is needed to coordinate the position of the
phosphate group during this process (Fig. 2).

BIOLOGICAL FUNCTIONS FOR PTEN AS A
PROTEIN PHOSPHATASE

As the C124 on the P-loop is critical for the
phosphatase function of PTEN, mutations of
C124 completely eliminate its catalytic activity
toward either protein or lipid substrates (Myers
et al. 1998). Other mutations that lead to com-
plete or partial loss-of-function have also been
reported (Myers et al. 1997; Herschbein and
Liesveld 2018). In particular, studies of mutants
with loss of only lipid or protein phosphatase
activity but not both have led to some under-
standing of how the protein versus lipid phos-
phatase activity of PTEN may play a role in its
biological function. One suchmutation is that of
glycine at the P-loop. PTEN G129E retains the
protein phosphatase activity toward polyGlu4-
Tyr1 (Myers et al. 1998) but results in lost
activity toward its lipid substrate (Rodríguez-Es-
cudero et al. 2011). Using this mutant, cell mo-
tility was established as the function dependent
on PTEN protein tyrosine phosphatase activity
(Tamura et al. 1998; Gildea et al. 2004). In U87-
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Figure 2. The interaction of PTEN with its protein
substrates at the catalytic pocket. The catalytic cysteine
(C124) of the P-loop initiates a nucleophilic attack
on the phosphorous atom of the phosphopeptide.
Thisnucleophilic attackbyC124 results in the breakage
of the oxygen–phosphorus bond between the peptide
and its phosphate group, leading to the formation of a
phosphocysteine through a phosphorous–sulfur bond.
This process is facilitated by aspartic acid (D92) of the
WPD-loop, which donates a proton to the hydroxy
leaving group on the substrate protein. The aspartic
acid (D92) that donated a proton is left with a nega-
tively charged oxygen atom, which now binds to the
hydrogen on the water molecule. This allows the nu-
cleophilic hydroxy group of the water molecule to
hydrolyze the phosphorous–sulfur bond and release
the free phosphate. A guanidinium group of a con-
served arginine (R130) on the P-loop is needed to
coordinate the position of the phosphate group dur-
ing this process. (Data downloaded from the Protein
Data Bank and analyzed using CCP4MG software.)
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MG glioma cells, tyrosine phosphorylation of
focal adhesion kinase (FAK) can be induced by
spreading of the cells on fibronectin. PTEN
G129E was reported to inhibit this phosphory-
lation as well as cell spreading similar to wild-
type PTEN (wtPTEN), whereas PTEN C124S
that lacks all phosphatase activity cannot (Ta-
mura et al. 1998). Transforming growth factor
β (TGF-β)-induced phosphorylation of FAK
during the induction of epithelial-mesenchymal
transition (EMT) in H358ON lung cancer cells
was also shown to be inhibited by PTEN G129E
mutants (Kusunose et al. 2015). The dephos-
phorylation of FAK resulting from the PTEN
protein phosphatase activity was also shown to
be responsible for wtPTEN and PTENG129E to
inhibit hyaluronic acid-induced matrix metallo-
proteinase-9 expression in U87-MG glioblasto-
ma cells (Park et al. 2002). Other support for the
role of PTEN protein phosphatase activity in cell
movement was observed in chemotaxis of blad-
der cancer cells where G129E was equally as
effective at inhibiting motility of the cells as
wtPTEN even though it did not have any effect
on colony size (Gildea et al. 2004). Vitronectin-
directed migration was also found to be depen-
dent on the protein phosphatase activity of
PTEN using G129E (Dey et al. 2008). In chick
embryos, EMT needed before primitive streak
mesoderm cells migrate away from the streak is
inhibited by the protein phosphatase activity of
PTEN, whereas directional motility is regulated
through its lipid phosphatase activity (Leslie
et al. 2007).

Although FAK dephosphorylation is related
to PTEN protein phosphatase function and par-
tially responsible for the PTEN phosphatase
function-regulated cell motility, specific en-
zyme–substrate relationship between PTEN
and FAK has not yet been established. Recently,
Ras related in brain 7 (Rab7) was found to be
directly dephosphorylated byPTENonboth ser-
ine and tyrosine (Shinde and Maddika 2016).
Rab7 is a conserved Rab family small GTPase
that plays pivotal roles in late endosome traffick-
ing and lysosome biogenesis. Dephosphoryla-
tion of Rab7 by PTEN was shown to regulate
endosome maturation and play important roles
in epidermal growth factor receptor (EGFR) traf-

ficking between membrane and endosome
(Shinde and Maddika 2016). Active FAK has
been found to localize with integrins on endo-
some and is positively regulated by integrin en-
docytosis (Alanko et al. 2015). Whether the
PTEN-regulated endosome maturation through
Rab7 plays a role in FAK phosphorylation and
activation is unknown.

Although ample evidence has reported the
role of AKT in PTEN-mediated cell growth ef-
fect, PTEN was also found to regulate cell cycle
and apoptosis via its protein phosphatase activ-
ity. Using a Tet-off expression system in MCF-7
cells, it was shown that PTEN G129E can par-
tially inhibit the expression of cyclin D1 (Weng
et al. 2001). During apoptosis induction, PTEN
was found to mobilize the transfer of calcium
from the endoplasmic reticulum (ER) to mito-
chondria. This process is dependent on PTEN
protein phosphatase activity as G129E and not
C124S mutant of PTEN is capable of evoking
such a response (Bononi et al. 2013).

Furthermore, PTEN also participates in
maintaining the integrity of the genome using
its protein phosphatase activity. When localized
in the nucleus, PTEN protects the DNA from
genotoxic stress. Expression of G129E PTEN is
able to protect U87-MG cells from ionizing radi-
ation-induced DNA damage (Bassi et al. 2013).
In addition, PTEN prevents gross chromosome
alterations by associating and dephosphorylat-
ingPolo-likekinase 1 (PLK1)onT210 to regulate
cell mitosis. As a result, loss of PTEN protein
phosphatase activity leads to failed cytokinesis
and increased polyploidization (Zhang et al.
2016). Moreover, minichromosome mainte-
nancecomplexcomponent2 (MCM2), akeyrep-
lication helicase of the replisome essential for
DNAreplication,was also found tobe a substrate
for PTEN (Feng et al. 2015). This function of
PTENwas found necessary for preventing chro-
mosomal aberrations under replication stress.

A proteomic analysis of U87-MG cells stably
expressing wtPTEN, PTEN C124G (no phos-
phatase activity) and PTEN G129E has identi-
fied ∼30 proteins that are associated with
PTEN’s protein phosphatase activities (Shim
et al. 2006). A number of these proteins are in-
volved in cytoskeletal regulation, consistent with
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the observation that PTEN protein phosphatase
activity is primarily associated with morpholog-
ical changes. However, these analyses do not dis-
tinguish whether these candidates are direct or
indirect targets of PTEN’s protein phosphatase
activity. In fact, PTEN is reported to be auto-
dephosphorylated at T366 (Zhang et al. 2012).
Phosphorylation of PTEN has been reported to
occur on several residues, mostly located at the
C2 domain. Two major sites are S370 and S385
(Torres and Pulido 2001; Miller et al. 2002), al-
though phosphorylation on other sites such as
the aforementioned T366 have also been report-
ed (Gericke et al. 2006). It is proposed that the
phosphorylated PTEN assumes a more stable
conformation (Vazquez et al. 2000). Dephos-
phorylation results in the opening of PTEN
structure, leading to a more active but also less
stable PTEN. The autophosphorylated PTENon
its carboxy-terminal T366 was reported to regu-
late the density of neuronal spines in cultured
hippocampal slices, a process that is dependent
on the protein phosphatase activity of PTEN
(Zhang et al. 2012). An unphosphorylated
PTEN at the C2 domain has been linked to

TGF-β-induced EMT processes (Kusunose et
al. 2015).

In vivo, heterozygous mice carrying G129E
mutation displayed gain-of-function phenotype
for tumor growth when compared with catalytic
domain-defective C124R-mutant mice (Wang
et al. 2010). This observation was surprising be-
cause the protein and lipid phosphatase activi-
ties were found to have additive effects on the
cell cycle (Hlobilkova et al. 2000; Weng et al.
2001). Thus, the protein phosphatase mutant
of PTEN may have its own activities. The gain-
of-function tumor phenotype associated with
PTEN protein phosphatase activity is either
the result of such additional activity or an out-
come of potential interacting with the wtPTEN
counterpart. The G129E mutant may attenuate
the function of the wtPTEN in these heterozy-
gous mice, which does not occur in C124R mice
(Papa et al. 2014).

In general, several putative substrates for
PTEN protein phosphatase activity have been
identified (Table 1). Besides what was discussed
above, PTEN was found to bind and dephos-
phorylate protein tyrosine kinase 6 (PTK6)

Table 1. Known substrates regulated by protein phosphatase activity of PTEN

Putative target (site) Cell type Biological function References

PTEN (S366) U-87MG Inhibits cell invasion, changes

cell morphology

Tibarewal et al. 2012

Dvl (S143) hTERT RPE-1 Stabilizes primary cilia Shnitsar et al. 2015

Rab7 (S72, Y183) HeLa Promotes recruitment of Rab7 to late

endosomes and late endosome

maturation

Shinde and Maddika

(2016)

PTK6 (Y342) PC3 Inhibits progression of prostate

adenocarcinoma

Wozniak et al. 2017

IRS1 (Y612, Y989) MEF (mouse

embryonic

fibroblast)

Inhibits IGF and insulin signaling Shi et al. 2014

FAK (Y397)a U-87MG, NIH/3T3 Inhibits cell spreading and migration Tamura et al. 1998; Cai

et al. 2005

CREB (S133) MEF, PE2 Regulates CREB transcriptional activity

and cell survival

Gu et al. 2011

MCM2 (S41) HCT116 Regulates replication fork progression Feng et al. 2015

PLK1 (T210) MEF Regulates cell mitosis and polyploid

formation

Zhang et al. 2016

IGF, Insulin-like growth factor.
aMultiple studies suggested dephosphorylation of this site is associated with PTEN but has not yet been verified as a direct

substrate of PTEN.
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(Wozniak et al. 2017). Phosphorylation of Y342
activates PTK6 and facilitates translocation of
PTK6 to the plasma membrane, which by itself
is sufficient to transform fibroblasts. PTEN neg-
atively regulates PTK6 through dephosphoryla-
tion of PTK6 on Y342 and plays a role in pros-
tate cancer invasion. Ptk6 deletion in mice
inhibits development of invasive prostate ade-
nocarcinoma following prostate-specific Pten
deletion (Wozniak et al. 2017). In addition,
PTENwas found to be a phosphatase for insulin
receptor substrate 1 (IRS1) (Shi et al. 2014). De-
phosphorylation of IRS1 on Y612 and Y989 po-
tentially plays a role in insulin and insulin-like
growth factor 1 (IGF-1) signaling. PTEN was
also reported to dephosphorylate Dishevelled
(DVL), a ciliogenesis regulator involved in cilia
formation during early stages of development in
Xenopus oocytes and in tracheal of mouse em-
bryo (Shnitsar et al. 2015).

Screening of 11 mutants based on amino
acid similarities between PTEN and two related
lipid phosphatases resulted in the identification
of a novel mutant Y138L that lacks the protein
but retains the lipid phosphatase activity (Da-
vidson et al. 2010). Unlike the PTEN C124S
and G129E mutants, PTEN Y138L inhibited
U87-MG cell colony formation (Davidson
et al. 2010). Moreover, the same mutant inter-

fered with the directed cell migration in the
chicken embryo, corroborating previous obser-
vation that the lipid PTEN phosphatase activity
also impacts cell movement (Leslie et al. 2007;
Davidson et al. 2010). PTEN protein phospha-
tase activity also appears critical for controlling
the neural progenitor cell (NPC) differentiation
in the mouse, where the PTEN Y138Lmutation,
but not theG129E, mimicked the effect of PTEN
knockdown on NPC differentiation (Fig. 3; Lyu
et al. 2015). One possible mechanistic insight
into this function was previously reported,
where PTEN was shown to be physically associ-
ated with the NMDA receptor and its protein
phosphatase activity was shown to act upstream
of this key receptor implicated in neuronal de-
velopment and plasticity (Ning et al. 2004). Pro-
tein phosphatase function of PTEN is thought to
be important for maintaining the spine density
of CA1 pyramidal neurons, as PTENG129Emu-
tant but not the Y138L and G124S mutants re-
duced spine density, similar to wild-type PTEN
(Zhang et al. 2012). Additionally, PTEN was
found to physically associate with drebrin, an
actin-binding protein involved in synaptic func-
tion (Kreis et al. 2013). Serving as potential sub-
strate for PTEN, dephosphorylation of drebrin
mediates the synaptic functions regulated by
PTEN.
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Figure 3. Domain structure of the PTEN protein. PTEN is composed of five functional domains: (1) a PIP2
(PI(4,5)P2)-binding domain (PBD); (2) a phosphatase domain including the catalytic core (H123–R130) in
which cancer-associated mutations are enriched; (3) a C2 domain, which is critical in PTEN subcellular location
regulation; its interaction with the membrane-binding domain and the ubiquitination of it have both been found
to regulate PTEN translocation; (4) two PEST (proline, glutamic acid, serine, and threonine) domains that are
associated with degradation; and (5) a PDZ motif for protein–protein interactions. Critical point mutations that
disrupt lipid or protein phosphatase activity or both are indicated with arrows.
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UNIQUE FEATURES ENABLING PTEN TOACT
AS A LIPID PHOSPHATASE

In addition to the P-loop andWPD-loop, classi-
cal protein tyrosine phosphatases also contain E-
loop, Q-loop, and p-Tyr loops within their cata-
lytic domains (Tautz et al. 2013). A pairof residue
insertions (residues 42–52 in the pβ2–α1 loop,
and residues 163–166 in the “TI” loop) distin-
guish PTEN from the phosphatases such as
PTP1B, a classical type I PTP andVHR (Vaccinia
H1-related), a dual specificity protein phospha-
tase (Lee et al. 1999). These insertions, and in
particular the one within the “TI” loop, are key
to PTEN function as a lipid phosphatase. The TI-
loop, although not forming the critical interac-
tions with the protein substrate, determines the
size of PTEN catalytic pocket (Matsuda et al.
2011). PTEN’s TI-loop forms a structure that is
“displaced away from the center of the pocket”
(Lee et al. 1999), creating a catalytic cleft that is
even larger than that of the dual specificity phos-
phatase VHR. As a result, the opening of PTEN’s
catalytic pocket allows phospholipids to reach the
catalytic cysteine (Worby andDixon 2014). Thus,
in addition to being a dual specificity protein
phosphatase, PTEN is also capable of accommo-
dating big lipid substrates such as the phosphati-
dylinositol 3,4, 5-triphosphate (PI(3,4,5)P3)
(Maehama and Dixon 1998). Another fun-
damental characteristic that accounts for PTEN’s
capability to take in lipid substrates lieswithin the
basic residues located at the active site pocket of
PTEN. The two conserved lysine residues (K125
and K128) in the P-loop (HCK125AGK128GR),
along with the H93 residing in the “WPD” loop
(pβ4–α3 loop, residues 91–94) (Lee et al. 1999),
endow PTEN with a positively charged pocket
that favors negatively charged substrates.
Phosphoinositides (PIPs) carry negative charges
under physiological conditions owing to their de-
protonated phosphate group (Wu et al. 2014) and
thus serve as a preferred substrate for PTEN (Lee
et al. 1999).

PTEN crystal structure has also revealed an
extensive interface between the phosphatase do-
main and C2 domain of PTEN (Lee et al. 1999).
The interface features a hydrogen-bond network
and a buried core formed by the hydrophobic

and the aromatic side chains emanating from
the two domains (Lee et al. 1999). Disrupting
the interdomain integrity significantly im-
pacts the enzymatic activity of PTEN. For exam-
ple, D252Y, a tumor-derived mutation, disrupts
the hydrogen-bond network at the interface and
decreases the PI(3,4,5)P3-directed phosphatase
activity of PTEN by 85% (Lee et al. 1999). Con-
sistently, most residues that participate in form-
ing the interdomain hydrogen bondswere found
to be frequently mutated in cancers, with S170
and R173 among the eight most frequently mu-
tated residues of PTEN (Lee et al. 1999). Based
on these observations, the PTENC2 domainwas
also proposed to play a role in positioning the
catalytic phosphatase domain correctly toward
its lipid substrates at the membrane, an observa-
tion verified in vitro using artificially membrane
targeted PTEN C2 mutants with lipid-binding
deficiency (Georgescu et al. 2000).

The C2 domains are membrane-binding
modules whose phospholipid-binding ability is
originally thought to be regulated by Ca2+ ions,
primarily through interaction with the aspartate
side chains (Rizo and Südhof 1998). Originally
found in PLCδ1, classic PKC isoforms (PKCα,
-β, -γ) and cPLA2, the C2 domain, allow these
enzymes to access the membrane (Nalefski et al.
1994, 1997; Lomasney et al. 1999; Kohout et al.
2002). The carboxy-terminal domain of PTEN
folds into a structure that is similar to the C2
domains found on PLCδ1, PKCδ, and cPLA2,
promoting PTEN association with the cell
membrane (Lee et al. 1999; Downes et al.
2007). Unlike Ca2+-dependent C2 domains
that require cationic Ca2+ ions for them to
bind the negatively charged phospholipid phos-
phoryl groups (Essen et al. 1997), the PTEN C2
domain does not bind Ca2+ and shows a Ca2+-
independent characteristic for lipid binding
(Lee et al. 1999). Instead of acquiring positive
charges through binding to Ca2+, PTEN C2 do-
main is positively charged as a result of (1) sol-
vent-exposed K260, K263, K266, K267, K269,
and the partially hidden H259–D268 pair, in
the membrane-interacting portions of PTEN
C2 domain (CBR3 loop); and (2) a basic patch
resulting from solvent-exposed K327, K330,
K332, and R335 on its cα2 helix nearby (Lee
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et al. 1999). Together, these nine basic residues
within the C2 domain help PTEN to associate
with the cell membrane anionic lipids, likely
through direct contact. In addition, two hydro-
phobic residues,M264 and L265, at the tip of the
CBR3 loop in the C2 domain are thought to
facilitate PTEN insertion into the lipid bilayer
(Lee et al. 1999). Altering the basic and hydro-
phobic residues at the CBR3 and the cα2 loops
in vitro has been shown to diminish membrane
lipid-binding ability of PTEN, as well as its
growth-suppressive activity (Lee et al. 1999;
Georgescu et al. 2000).

CANONICAL SIGNALS REGULATED BY LIPID
PHOSPHATASE PTEN

The unique larger catalytic pocket and C2
domain allow PTEN to accommodate lipids
as substrate in which it dephosphorylates
PI(3,4,5)P3 at the 30 position on the inositol
ring of PIPs and generates PI(4,5)P2 (Maehama
and Dixon 1998; Lee et al. 1999; Worby and
Dixon 2014). This enzymatic function of
PTEN antagonizes the catalytic reaction per-
formed by class I phosphoinositide 3-kinases
(PI3Ks) that add phosphate to the 30-hydroxyl
group on the inositol ring of PI(4,5)P2 to give
rise to PI(3,4,5)P3 (Yuan and Cantley 2008).
Depending on the receptors from which class
I PI3Ks transduce the extracellular stimuli,
members of this subclass of PI3Ks are further
divided into class IA and class IB, with class IA
and IB being activated via receptor tyrosine ki-
nases (RTKs) and G-protein-coupled receptors
(GPCRs), respectively (Engelman et al. 2006).
The class IA PI3Ks have been intensely studied
because of their role in glucose metabolism and
human cancer (Engelman et al. 2006; Yuan and
Cantley 2008; Chalhoub and Baker 2009). The
mechanisms of RTK activation have been previ-
ously reviewed (Lemmon and Schlessinger
2010). Upon the activation of RTKs, class IA
PI3Ks are recruited to the cell membrane and
catalyze the production of a critical lipid second
messenger PI(3,4,5)P3 from PI(4,5)P2 to propa-
gate signal transduction (Chalhoub and Baker
2009). Because the enzymatic function of PTEN
is to convert PI(3,4,5)P3 back to PI(4,5)P2,

PTEN is capable of terminating PI3K/
PI(3,4,5)P3 signaling and thus has been suggest-
ed to play a fundamental role in controlling the
transient activation of PI3K/PI(3,4,5)P3 signal-
ing in cells (Manning and Toker 2017).

A characteristic of PIPs is their ability to bind
the pleckstrin homology (PH) domains on pro-
tein structures. In human, 252 different proteins
are suggested to contain at least one PH domain
(Lander et al. 2001), which makes the PH do-
main the 11th most abundant domain structure
in human proteome (Lemmon et al. 2002; Yu
et al. 2004). High-affinity PH domains have
been identified for three PIPs, whereas other
PIPs were found to have low affinity for many
differentPHdomain structures (Lemmon2007).
PI(3,4)P2, PI(4,5)P2, and PI(3,4,5)P3 are the
three phosphoinositides that can bind with
high affinity to specific PH domains because of
the basic side chains on these domains that form
extensive hydrogen networks with the two adja-
cent/vicinal phosphate groups on the inositol
ring. The 3- and 4-phosphate groups on the ino-
sitol ringoccupysimilarPHdomain locationson
AKT-, Btk-, or Grp1-PH domains as the 4- and
5-phosphate groups forPLCδ-PHdomainwith a
180° flip. Dephosphorylation of the 3-phosphate
by PTEN reduces levels of PI(3,4)P2 and
PI(3,4,5)P3, and results in disruptions of this
network (Lemmon 2007).

Using yeast as model organism, the PH do-
mains with high affinity for PI(3,4)P2, PI(4,5)P2,
and PI(3,4,5)P3 were shown to possess obvious
membrane targeting ability for the proteins.
These PH domains provide the proteins with
ability to target either plasma or Golgi mem-
branes in studies using GFP fusion proteins
(Lemmon 2007). In mammalian systems, AKT
(also known as protein kinase B or PKB) is the
best-characterized PH domain-containing pro-
tein. AKT is a member of the AGC family of
protein kinases, highly conserved fromprimitive
metazoans to humans. The three mammalian
AKT isoforms are encoded by different genes
but share similar structural features. They con-
tain a central catalytic domain related to protein
kinases A and C; a carboxy-terminal regulatory
domain that contains a phosphorylation site
(FXXF(X/T)Y) common to all AGC family of
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kinases; and an amino-terminal PH domain
that allows them to bind to PIPs, particularly
PI(3,4)P2 and PI(3,4,5)P3. In the inactive state,
the PH domain of AKT folds back and binds
intramolecularly to the catalytic domain. This
intramolecular interaction stabilizes AKT in an
inactive conformation and also prevents phos-
phorylation of AKT by the upstream kinases
(i.e., 3-phosphoinositide-dependent kinase 1
[PDK1]), as the PH domain blocks the phos-
phorylation site. Thus, in addition to localizing
AKT to the membrane, binding of AKT PH do-
main to the 3-phosphorylated PIPs also releases
this intramolecular interaction, allowing its acti-
vationbyPDK1,anotherPHdomain-containing
kinase (Thomas et al. 2002). The PH domain on
PDK1 binds to PI(4,5)P2 with high affinity and
has little affinity to the 3-phosphorylated PIPs
(Komander et al. 2004). PDK1, also an AGC ki-
nase, acts as amaster kinase that phosphorylates
the activation loop ofAKTandmanyotherAGC
kinases (Mora et al. 2004). More than 100-PH-
domain-containing proteins exist in mammals,
and in addition to lipid binding, mediate pro-
tein–protein and protein–DNA interactions
(Scheffzek andWelti 2012).

Defined primarily through its impact on
AKT activity, the lipid phosphatase PTEN is
found to regulate diverse signaling andbiological
processes (Chen et al. 2018). Many of the direct
AKT phosphorylation targets reflect the impact
of PTEN deregulation of numerous biological
processes: (1) cell proliferation and survival via
GSK3α (S21) and GSK3β (S9), p21 (T145), p27
(T157), CHK1 (S280), BAD (S99), MDM2
(S166, S186), forkhead transcriptional factors
including FOXO1 (T24, S256, S319), FOXO3A
(T32, S253, S315), andFOXO4(T32, S197, S262)
(Manning and Cantley 2007); (2) mRNA trans-
lation and cell growth via TSC2 (S939, T1462)
and PRAS40 (T246), two suppressors of
mTORC1 signaling (Inoki et al. 2002; Vander
Haar et al. 2007); and (3) glucose metabolism
via the AS160 Rab GTPase-activating protein
(GAP), to control redistribution of glucose
transporter 4 from intracellular compartments
to the plasma membrane, as well as forkhead
transcription factor to control hepatic gluconeo-
genesis (Puigserver et al. 2003; Eguez et al. 2005;

Mîinea et al. 2005). Independent of AKT, PTEN
as a lipid phosphatase regulates (1) cell motility
via PI(3,4,5)P3-dependent actin polymerization
and Rac-associated GEF and GAP recruitment
and activation (Liliental et al. 2000; Campa et al.
2015); and (2) cell polarity via PI(4,5)P2-depen-
dent recruitment of apical lumen formationma-
chinery proteins (Martin-Belmonte et al. 2007).

PI3K signaling network is also subject to ex-
tensive feedback regulation. Notably, p70 ribo-
somalS6kinase (S6K1),which isphosphorylated
and activated by mTORC1 was shown to phos-
phorylate IRS1 on the phosphotyrosine-binding
(PTB) domain and the PI3K-binding domain.
These phosphorylation events result in the deg-
radationof IRS1 (ShahandHunter 2006;Tzatsos
and Kandror 2006), and disrupt interaction of
IRS1 with insulin receptor (IR) and PI3K (Tanti
and Jager 2009), leading to net down-regulation
of the pathway. Furthermore, S6K1 phosphory-
lates Rictor of the mTORC2 complex on T1135.
Although this phosphorylation does not affect
the activity or localization of mTOR, blocking
phosphorylation of this site results in loss of
mTORC2-dependent phosphorylation and acti-
vation of AKT (Julien et al. 2010). S6K1 also
phosphorylates Sin1 at T86 and T398 to reduce
mTORC2-dependent activation of AKT by dis-
sociating Sin1 from mTORC2 (Liu et al. 2013).
Finally, mTORC1 also phosphorylates growth-
receptor-bound protein 10 (Grb10), an adaptor
protein for growth factor signalingpathway.This
phosphorylation significantly increases Grb10
stability and promotes its suppression of AKT
activity (Hsu et al. 2011). Together, the negative
feedback loops emanating fromactivatedmTOR
effectively serve to temper signaling from the
membrane. They also present a major challenge
for the therapeutic efforts aimed at inhibiting
PI3K/AKT signaling in tumors formed by
PTEN loss, as PI3K-directed therapeutics also
relieve the inhibitory impact of feedback loops
(Herschbein and Liesveld 2018).

LIPID METABOLISM AND STEATOSIS
REGULATION BY PTEN

The domain architecture of the AKT family
members are generally conserved with the link-
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er region between the PH and catalytic domain
showing highest variability (Kumar and Madi-
son 2005). Earlier studies have shown that
AKT1 has a function in the regulation of cell-
cycle progression (Dudek et al. 1997; Verdu
et al. 1999; Stiles et al. 2002; Kumar and Madi-
son 2005; Manning and Cantley 2007; Dillon
and Muller 2010; Hers et al. 2011; Song et al.
2019). Mice lacking Akt1 display growth retar-
dation with partial lethality (Chen et al. 2001;
Cho et al. 2001b; Yang et al. 2005; Goncalves
et al. 2010). AKT2 appears to function predom-
inantly in metabolic regulation in vivo (Cho
et al. 2001a; Bae et al. 2003). Nevertheless,
AKT2 has also been reported to participate in
control of cell-transformation processes, in-
cluding the EMT (Dillon and Muller 2010).
The expression of AKT3 is restricted to the ner-
vous system (Bergeron et al. 2017), consistent
with the in vivo phenotypes observed with Akt3
deletion mice that displayed normal glucose
metabolism and overall growth but a signifi-
cantly reduced brain size and weight (Tschopp
et al. 2005). Here, we summarize the lipid met-
abolic regulation by PTEN that is primarily de-
pendent on AKT2.

PTEN as a Metabolic Regulator

In Caenorhabditis elegans and Drosophila, the
insulin/PI3K pathway, that is negatively regulat-
ed by their respective PTEN homologs, controls
dauer formation (worms),metabolism, aswell as
life span in response to nutrient availability (Ogg
andRuvkun1998;Goberdhan et al. 1999; Scanga
et al. 2000).ThemammalianPTEN/PI3Ksignal-
ing network parallels what was found in those
organisms. Ectopic expression of PTEN, by in-
troduction of bacterial artificial chromosomes
(BACs) into the mouse genome, led to reduced
body size, increased energy expenditure, and low
body fat content (Garcia-Cao et al. 2012;Ortega-
Molina et al. 2012). Consistent with the obser-
vations in C. elegans and Drosophila, these mice
also have a longer tumor-free life span. Thus,
besides its primary identity as a tumor suppres-
sor, PTEN also acts as a metabolic regulator via
the insulin/PI3K/AKT signaling pathway (Orte-
ga-Molina and Serrano 2013; Han et al. 2018).

Lipomas are a frequent component of the
tumor spectrum in familial PTEN hamartoma
tumor syndrome (PHTS), caused by abnormal
overgrowthof adipocytes (Lee et al. 2011).More-
over, an increase of 23% body mass index has
been also reported for PHTS (Cowden) patients
heterozygous for PTEN mutations, in which
PTEN mutations are proposed to cause height-
ened insulin sensitivity (Pal et al. 2012). Similar-
ly, improved insulin sensitivity, concurrent with
increased hepatic steatosis, was observed in
mouse models carrying deletion of Pten in the
liver (Stiles et al. 2004; Peyrou et al. 2013). These
mice also developed liver cancer that appears to
be driven bysteatosis (Xu et al. 2006;Galicia et al.
2010; He et al. 2016; Debebe et al. 2017; Jia et al.
2017). Blocking steatosis in these mice attenuat-
ed tumor growth (Galicia et al. 2010; He et al.
2010; Debebe et al. 2017), suggesting a potential
role of PTEN-regulated tumor lipid metabolism
in tumorigenesis. Nonetheless, broad metabolic
phenotypes induced by PTEN loss in metabolic
tissues (Horie et al. 2004; Stiles et al. 2004, 2006;
Kurlawalla-Martinez et al. 2005; Wijesekara et
al. 2005; Li et al. 2013b; Zeng et al. 2013; Yang
et al. 2014) highlight the role of PTEN as a met-
abolic regulator.

PTEN/AKT Signal Coordinately Regulates
Glycolysis and Oxidative Phosphorylation

AKT2, the AKT isoform dominantly expressed
in metabolic tissues, was found to mediate the
effect of insulin on both glucose and lipid me-
tabolism (Cho et al. 2001a;Mîinea et al. 2005;He
et al. 2010; Palian et al. 2014; Herschbein and
Liesveld 2018). Of note, rate-limiting glycolytic
enzymes, hexokinase II (HKII) and phospho-
fructokinase, are phosphorylated as a result of
PI3K/AKT activation (Deprez et al. 1997; Ber-
trand et al. 1999; Mouton et al. 2010; Roberts
et al. 2013). Phosphorylation of HKII by AKT
couples glycolysis with oxidative phosphoryla-
tion, in which the mitochondrial localized HKII
is proposed to mediate apoptosis inhibition
caused by AKT activation (Gottlob et al. 2001).
This result is supported by the observation that
AKT is found in the mitochondria soon after
activation of PI3K (Bijur and Jope 2003). In
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the mitochondria, AKTwas found to phosphor-
ylate themitochondrial pool ofGSK3β, as well as
pyruvate dehydrogenase (PDH), contributing to
increased mitochondrial energetics (Antico Ar-
ciuch et al. 2009; Li et al. 2013a).

Additionally, AKT activation controls mito-
chondrial gene transcription by phosphorylat-
ing and activating CREB transcription factor,
independent of the cAMP-mediated activation
of PKA, a common signal that induces CREB
phosphorylation (Li et al. 2013b). Through this
mechanism, AKT activation robustly increases
the transcriptional activity of estrogen receptor-
related receptor (ERR). Acting on the nuclear
genome, ERR functions to promote transcrip-
tion of genes that regulate mitochondrial func-
tion (Li et al. 2013b). In hepatocytes, this ERR
induction led to increased oxygen consumption
and elevated production of reactive oxygen
species, contributing to the nonalcoholic fatty
liver disease (NAFLD)/nonalcoholic steato-
hepatitis (NASH) phenotypes found in the
Pten-deficient mouse livers (Galicia et al. 2010;
Li et al. 2013b).

PTEN/AKT/mTOR Signal-Regulated
Lipogenesis

Given the function of PTEN as a negative regu-
lator of PI3K/AKT signaling, PTEN loss-of-
function in metabolic tissues is accompanied
by augmented response to insulin and increased
insulin signaling. In the liver, such signals led to
increased de novo lipogenesis (Stiles et al. 2004),
primarily owing to the induction of fatty acid
synthase (Fasn) via regulation by AKT2 (He
et al. 2010). As a result, the liver-specific deletion
of Pten led to the development of NAFLD and
more severe NASH (Horie et al. 2004; Stiles et al.
2004; Galicia et al. 2010). AKT2 was found to
both positively and negatively regulate Fasn ex-
pression via sterol regulatory element-binding
protein (SREBP) and Maf-1, a transcriptional
repressor, respectively (He et al. 2010; Palian
et al. 2014). In addition, mTOR also affects the
posttranslational processing of SREBP, which
involves the SREBP cleavage-activating protein
(SCAP) and an insulin-induced gene (Insig) (Du
et al. 2006; Yecies et al. 2011).

SUMMARY

In the more than 20 years since the discovery of
PTEN, our understanding of its function has
been continuously expanding. For many years,
the realization of PTEN regulation of the PI3K/
AKT signaling pathway has been the main
driver for the discovery of PTEN’s biological
function. In more recent years, compartment-
specific roles of PTEN and its regulation are
being elucidated. The biological functions of
PTEN beyond cell growth and survival are also
being recognized, particularly its impact on me-
tabolism. This expanded understanding of
PTEN’s biological functions broadens the im-
pact of PTEN on not only cancer biology but
also other diseases, particularly those related to
metabolism and inflammation.
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