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Abstract Phosphatase and tensin homolog (PTEN) is a tumor suppressor gene and has a role
in inhibiting the oncogenic AKT signaling pathway by dephosphorylating phosphatidylinositol
3,4,5-triphosphate (PIP3) into phosphatidylinositol 4,5-bisphosphate (PIP2). The function of
PTEN is regulated by different mechanisms and inactive PTEN results in aggressive tumor
phenotype and tumorigenesis. Identifying targeted therapies for inactive tumor suppressor
genes such as PTEN has been challenging as it is difficult to restore the tumor suppressor func-
tions. Therefore, focusing on the downstream signaling pathways to discover a targeted ther-
apy for inactive tumor suppressor genes has highlighted the importance of synthetic lethality
studies. This review focused on the potential synthetic lethality genes discovered in PTEN-
inactive cancer types. These discovered genes could be potential targeted therapies for
PTEN-inactive cancer types and may improve the treatment response rates for aggressive types
of cancer.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

PTEN

PTEN deleted on chromosome 10 was identified as a tumor
suppressor gene located on the 10q23 chromosome band.1

PTEN, also known as tensin-like phosphatase 1 (TEP1) or
mutated in multiple advanced cancers 1 (MMAC1) was first
identified as a lost or mutated phosphatase in various
cancer types such as brain, breast, kidney, and prostate in
behalf of KeAi Communications Co., Ltd. This is an open access
by/4.0/).
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1997.2e4 PTEN is the second most mutated or deleted gene
after TP53 in different cancer types.5

At the end of the 1990s and the beginning of the 2000s,
both in vitro and in vivo studies showed that loss of PTEN
expression contributes to oncogenesis, reduced apoptosis,
and increased proliferation and migration of cells.6e13 In
vivo studies showed that PTEN plays a role during embry-
onic development as loss of PTEN contributes to severe
hyperproliferation and the failure to elicit apoptosis,
causing early embryonic mortality.6,8,9 Moreover, hetero-
geneous deletion of PTEN causes carcinogenesis which
identified PTEN as a haploinsufficient tumor suppressor
gene.1,14 Wild-type (WT) PTEN promotes apoptosis and in-
hibits cell migration and cell cycle progression.15,16 Addi-
tionally, PTEN plays a role in activating DNA damage
checkpoints to prevent genetic instability.17

PTEN contains two main active domains; one at the N-
terminus and one at the C-terminus (Fig. 1).18 The N-ter-
minal domain has lipid phosphatase activity, which is the
main domain for the tumor suppressor role of PTEN.19,20

The N-terminal domain contains the PIP2 binding domain
(PBD) and phosphatase domain, which has an enzymatic
and phosphatase-activity role.21,22 The C-terminal domain
consists of the C2 domain and C-tail region with PDZ motif
which is involved in PTEN stability23 and proteineprotein
interactions.24 The C2 domain of PTEN modulates its sta-
bility23 and its recruitment to the phospholipid mem-
branes.25 Crystal structure analysis of the C2 domain
demonstrated a b-sandwich structure, which forms a loop
and is involved in DNA and other protein interaction.18

Additionally, the C2 domain of PTEN is also involved in the
interaction with the centromere.26

PTEN and AKT signaling pathway

PTEN is a dual-specificity phosphatase,19,27,28 and its phos-
phatase activity dephosphorylates phosphorylated tyrosine,
Figure 1 PTEN protein domain structure. PTEN has 403 amino ac
domain (residues 6e15), the N-terminal phosphatase domain (15
binding motif. “Loop” represents a conserved but flexible region,
two PEST (proline, glutamic acid, serine, threonine) sequences. The
and regulating the catalytical activity. The phosphatase domain r
cellular localisation and proteineprotein interaction. C-tail is respo
the recognition of target protein. Information was collected from
serine, and threonine residues in peptide substrates.28 PTEN
also has lipid phosphatase function as it dephosphorylates
PIP3 into PIP2 and inhibits several PIP3-dependent kinases
such as PI3K/AKT/mTOR signaling pathway,19,27 which is the
primary physiological target of PTEN.29e31

PI3Ks are a family of intracellular lipid kinases which
phosphorylate the 3-position hydroxyl group of the inositol
ring of phosphatidylinositol.32 PIP3 is the primary substrate
of PTEN and the catalytic product of PI3Ks.32

In the absence or loss of PTEN, proteins that contain
pleckstrin homology domains such as AKT family members
and phosphoinositide-dependent kinase 1 (PDK1), are
recruited to and activated on the cell membrane by
excessive PIP3.

33,34 AKT isoforms have two residues (Thr308
and Ser473) and are phosphorylated by PDK1 and mamma-
lian target of rapamycin complex 2 (mTORC2), respec-
tively.35 AKT is activated by the phosphorylation of Thr308
and Ser473 residues of AKT.35 AKT1, AKT2, and AKT3 are
active AKT isoforms and can regulate cell survival, protein
synthesis, angiogenesis, epithelialemesenchymal transition
(EMT), metastasis, cell proliferation, and glucose meta-
bolism by phosphorylating downstream signaling proteins
(Fig. 2).35 Active AKT can also regulate cell survival by
inhibiting forkhead box O1 (FOXO1)36 and B cell lymphoma 2
(BCL-2) antagonist of cell death (Bad),37 and activating
mouse double minute 2 homolog (MDM2).38 Protein syn-
thesis is also regulated by active AKT with the inhibition of
tuberous sclerosis 1/2 (TSC1/TSC2)39 and proline-rich AKT
substrate of 40 kDa (PRAS40),40 and activating mammalian
target of rapamycin complex 1 (mTORC1).41 Moreover,
activated mTORC1 and reactive oxygen species (ROS) drive
up-regulation of hypoxia-induced factor 1-alpha (HIF1-a)
and vascular endothelial growth factor (VEGF) transcrip-
tional activation to regulate angiogenesis.42 Active AKT
regulates EMT/metastasis by phosphorylation of nuclear
factor kappa B (NFkB),43,44 and regulates cell proliferation
by phosphorylation of cyclin-dependent kinase 2 (CDK2)
ids and contains five domains, namely, N-terminal PIP2 binding
e186), C2 domain (186e352), the C-tail (352e403), and PDZ
from residues 286 to 309 in the C2 domain. The C-tail contains
PIP2 binding domain has a role in mediating membrane binding
egulates enzymatic activity. The C2 domain is responsible for
nsible for protein stability and PDZ binding motif functions for
the reviews of Jerde T185 , Wang X and Jiang X.186



Figure 2 Diagram of PTEN/PI3K/AKT signalling pathway. Upstream of PI3K/AKT pathway includes RTKs. PTEN suppresses the
function of PI3K by dephosphorylating PIP3 into PIP2 and causes the inactivation of AKT through PDK1. However, loss of PTEN
activates AKT, which influences its downstream pathways such as inhibition of FOXO1 and Bad and activation of MDM2 to suppress
apoptosis. Activation of AKT due to the loss of PTEN inhibits TSC1/TSC2 and PRAS40 and activates mTORC1 which leads to protein
synthesis. Active AKT also activates NFkB and contributes to EMT; activates CDK2, and inhibits Wee1, Myt1, p27Kip1, p21Waf1/Cip1,

and GSK3b which leads to cell proliferation. Active AKT also inhibits GSK3b to increase glucose metabolism. PTEN, phosphatase and
tensin homolog; PI3K, phosphoinositide 3-kinase; RTK, receptor tyrosine kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3,
phosphatidylinositol 3,4,5-triphosphate; PDK1, phosphoinositide-dependent kinase 1; FOXO1, forkhead box O1; MDM2, mouse
double minute 2 homolog; Bad, B cell lymphoma 2 (BCL-2) antagonist of cell death; TSC1/TSC2, tuberous sclerosis 1/2; PRAS40,
proline-rich AKT substrate of 40 kDa; mTORC1, mammalian target of rapamycin complex 2; NFKB, nuclear factor kappa B; EMT,
epithelialemesenchymal transition; CDK2, cyclin-dependent kinase 2; Myt1, myelin transcription factor 1; GSK3b, glycogen syn-
thase kinase 3 beta. Information was collected from the review of Hennessy BT et al187.
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and inhibition of Wee1, myelin transcription factor 1
(Myt1), p27Kip1, p21Waf1/cip114, and glycogen synthase kinase
3 beta (GSK3b).45 Additionally, inhibition of GSK3b can also
regulate glucose metabolism.1,46
Regulation of PTEN

Various molecular mechanisms that regulate PTEN influence
the functional PTEN levels in sporadic cancers, inherited
syndromes, and other diseases. PTEN is regulated or altered
by different mechanisms such as genetic alterations,
epigenetic silencing, transcriptional, post-transcriptional
regulation, post-translational modifications, and interac-
tion with different proteins, which could initiate and
progress cancer (Fig. 3).1,47 Therefore, a decrease in PTEN
expression causes aggressive tumor phenotype and tumor-
igenesis in different cancer types.
Genetic alterations of PTEN

Germline and somatic mutations of PTEN including large
deletions, intragenic deletions, insertions, missense,
nonsense, and splice site variants can be found in the
promoter and all exons of PTEN (Fig. 3A).48 Truncated PTEN
mutations can be produced by nonsense mutation and lack
C-terminal tail and PDZ-binding motif, which play impor-
tant roles in PTEN protein stability and recruitment to the
membrane.49

PTEN hamartoma tumor syndromes (PHTS), including
Cowden syndrome, PTEN-related Proteus syndrome, Ban-
nayan-Riley-Ruvalcaba syndrome, and Proteus-like syn-
drome are inherited cancer syndromes, which develop due
to the PTEN germline mutation.50,51 Approximately 80% of
PHTS patients have PTEN germline mutations.52 People with
PHTS are more prone to develop cancers, such as breast
cancer, who have hamartomatous excessive growth in



Figure 3 Regulation of PTEN. (A) Genetic alteration; deletion and mutations of PTEN can regulate PTEN expression. (B)

Epigenetic silencing; PTEN expression can be silenced by abnormal gene promoter methylation or abnormal modification of his-
tones. (C) Transcriptional regulation; transcription factors that can bind to PTEN promoter are positive or negative regulators of
PTEN transcription. (D) Post-transcriptional regulation; miRNAs can regulate PTEN expression. (E) Post-translational modifications;
phosphorylation, ubiquitination, oxidation, and acetylation can regulate PTEN. (F) Proteineprotein interactions; interaction of
PTEN with proteins can affect PTEN activity. Information was collected from the review of Song MS et al.1
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breast tissue,52 because the function of PTEN is exerted in
the initiation and the progression of cancer.53 Almost 70% of
PTEN mutations are observed in exon 5, exon 7, and exon 8
in Cowden syndrome, and 40% of these mutations are found
in exon 5 which encodes the phosphatase core motif.52

Similar results were also observed in another study which
showed that 32% of PTEN mutation in Cowden syndrome
were observed in exon 5, 13% in exon 7, and 16% in exon 8.54

As exon 5 encodes a phosphatase domain, a mutation in
exon 5 abrogates the tumor suppressor role of PTEN.55,56

Moreover, sporadic PTEN mutations are observed in
different cancer types such as glioblastoma multiforme
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(GBM) (19%e32%), endometrial (21%), prostate (17%e21%),
malignant melanoma (14%e16%), and breast (4%e11%).57

However, tumors with PTEN mutations can still have the
partial or full catalytic function of PTEN which led to the
hypothesis that different mechanisms can inactivate PTEN
such as mutation at lysine (Lys, K) 289 that changes PTEN
protein localisation.58

Epigenetic silencing of PTEN

In different cancer types, abnormal gene promoter
methylation or abnormal modification of histones causes
epigenetic silencing of PTEN expression (Fig. 3B). Hyper-
methylation of CpG islands in the PTEN promoter can
silence the transcription of PTEN in breast cancer and
melanoma.59,60 Sal-like protein 4 (SALL4), a zinc-finger
transcription factor, recruits an epigenetic repressor com-
plex (Mi-2/NuRD) that contains ATP-dependent nucleosome
remodeling activity and a histone deacetylase to the PTEN
locus and leads to condensed heterochromatin and re-
presses PTEN expression.61 Despite the PTEN mutation
frequency is low in breast cancer, the frequency of PTEN
promoter methylation is 50% in breast cancer cases.62 Thus,
epigenetic silencing of PTEN inactivates this tumor sup-
pressor gene and leads to the activation of oncogenic AKT
signaling.59

Transcriptional regulation of PTEN

Different transcription factors have binding sites at the
PTEN promoter and are known as positive or negative reg-
ulators of PTEN transcription (Fig. 3C).

There is a p53 binding site upstream of the PTEN gene
and it was shown that p53 induction in primary and tumor
cell lines with WT p53 up-regulates PTEN mRNA levels
compared to mutant p53 cells.63 Early growth regulated
transcription factor 1 (EGR1), peroxisome proliferator-
activated receptor gamma (PPARg), and C-repeat binding
factor 1 (CBF1) also up-regulate the expression of PTEN. It
has been shown that EGR1 binds to the PTEN promoter and
due to the stimulation of insulin-like growth factor 2 (IGF-2)
by a negative-feedback loop,64 PTEN expression is up-
regulated. Activated PPARg can also bind to the PTEN
promoter; this leads to the up-regulation of PTEN in both
normal and cancerous cells such as macrophages, colo-
rectal cancer cells, and breast cancer cells,65 For example,
PTEN expression increases with rosiglitazone (PPARg se-
lective ligand to activate PPARg); this decreases hep-
atocarcinoma cell line (BEL-7404) migration.66 Moreover, it
has been shown that transcriptional levels of PTEN are
regulated by the Notch-1 signaling pathway via the CBF-1
transcription factor which binds to the minimal PTEN
promoter.67

On the other hand, mitogen-activated protein kinase
kinase 4 (MKK4) is a negative regulator of PTEN transcrip-
tion that works by activating NFkB that binds to the PTEN
promoter region.68 It has also been shown that transforming
growth factor beta (TFGb) inhibits PTEN transcription in
mesangial69 and pancreatic cancer cells.70 Additionally, c-
Jun, a transcription factor, also decreases PTEN expression
via binding to the PTEN promoter at the variant AP-1 site
(PF-1), and the negative correlation between c-Jun and
PTEN levels was observed in different human cancer cell
lines.71 Inhibitor of differentiation-1 (Id-1),72 B lymphoma
Mo-MLV insertion region 1 homolog (Bmi-1),73 and SNAIL,74

can also bind to PTEN promoter and inhibit its transcription.
These studies indicated that transcriptional control of

PTEN plays an important role at the intersection of path-
ways to regulate PTEN expression and has an influence on
tumor suppression and tumor promotion.

Post-transcriptional regulation of PTEN

miRNAs are small non-coding RNA molecules, which have
20e25 nucleotides and regulate gene expression in many
cancer types (Fig. 3D). Different studies showed that
various miRNAs down-regulate the expression of PTEN and
this can lead to carcinogenesis and metabolic disorders.75

miR-21 is one of the oncogenic miRNAs that down-regulate
the expression of PTEN in ovarian, hepatocellular, and lung
cancers.76,77 Additionally, miR-25 crosslinks the MEK/ERK
and PTEN/PI3K/AKT/mTOR signaling pathways because
activated ERK increases miR-25 expression which then in-
hibits PTEN protein level and leads to activation of AKT
signaling.78,79 PTEN expression is also down-regulated by
MYC oncogene via increased expression of miR-19.80 PTEN
pseudogene 1 (PTENP1) and PTEN mRNA have significant
sequence identity and it has been found that PTENP1 miR
target sites regulate the expression of PTEN via seques-
tration of PTEN-targeting miR which leads to an increase of
PTEN mRNA half-life and PTEN protein levels.81

Post-translational modification of PTEN

The role of PTEN is also regulated by post-translational
modifications such as phosphorylation, ubiquitination,
oxidation, and acetylation (Fig. 3E).

The phosphorylation of PTEN has an impact on PTEN
stability, activity, and cellular localization. Phosphorylation
of PTEN on Ser370, Ser380, Thr382, Thr383, and Ser385 is
mediated by the protein kinase casein kinase 2 (CK2). The
phosphorylation by CK2 leads to the stabilization of PTEN
and closed PTEN conformation that reduces the interaction
between the binding partners and decreases its plasma
membrane localization, thus reducing its phosphatase ac-
tivity.82,83 As the phosphorylation in the C-terminal tail
stabilizes PTEN conformation, this leads to the reduction of
interaction with membrane phospholipids or PDZ domain-
containing proteins (also known as membrane-associated
guanylate kinase inverted 2, MAGI2) and therefore inhibits
its PIP3 phosphatase activity.84 The inactivation of PTEN can
also be seen when PTEN is phosphorylated on Ser385 by
LKB1.85 The phosphatase activity of PTEN is also reduced
with the phosphorylation of PTEN by GSK3b at Thr366.86

Additionally, the C2 domain of PTEN is phosphorylated by
tyrosine-protein kinase RAK at Tyr33687 and RHOA-associ-
ated protein kinase (ROCK) at Ser299 and Thr321.88

Ubiquitination also regulates PTEN subcellular local-
isation, vesicle trafficking, and activation. Lys13 and Lys289
are PTEN ubiquitination and mono-ubiquitination sites and
have a role in PTEN cytoplasmic-nuclear shuttling.58 Ubiq-
uitin/proteasome pathway can regulate the function of
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PTEN.58 NEDD4-1 is an E3 ubiquitin-protein ligase that can
polyubiquitinate PTEN at Lys13 and Lys289 leading to its
degradation or it can also monoubiquitinate PTEN at Lys13
and Lys289 regulating its cytoplasmic-nuclear shuttling.89 In
non-small-cell lung cancer, PTEN is down-regulated due to
the ubiquitin-mediated degradation by NEDD4-1, leading to
PTEN activity loss.90

Acetylation is another mechanism that regulates PTEN
function. The catalytic activity of PTEN is reduced by
acetylation at Lys125 and Lys128 by acetyltransferase
P300/CREB-binding protein (CBP)-associated factor (PCAF)
and at Lys402 by CBP.91 ROS are also responsible for regu-
lating PTEN catalytic activity by the oxidative-stress-
induced formation of the disulphide bond between active
Cys71 and Cys124.92

Protein-protein interactions of PTEN

Many different studies demonstrated that protein-protein
interactions also play an important role in PTEN activity due
to the effect on its stability, conformation, lipid mem-
brane-binding potential, and subcellular localization (Fig.
3F).

NAþ/Hþ exchanger regulatory factor (NHERF) interacts
and recruits PTEN to platelet-derived growth factor re-
ceptor (PDGFR) and prevents the activation of the PI3K/AKT
signaling pathway.93 MAGI2 and b-arrestins interact with
PTEN and increase its lipid phosphatase activity to suppress
AKT activation.94,95 PTEN also directly interacts with motor
protein myosin V that leads to the movement of PTEN to the
membrane and PTEN can dephosphorylate PIP3 into PIP2.

96

Different proteins interact with PTEN and negatively
affect its tumor suppressor activity. The oncoprotein MSP58
interacts with PTEN at the C-terminus region leading to
cellular transformation.97 Parkinson protein 7 (PARK7, also
known as DJ1) directly binds to PTEN in oxidative conditions,
inhibits PTEN activity, and increases AKT activity, leading to
cell proliferation and transformation.98 PIP3-dependent RAC
exchanger factor 2a (PREX2a),99 shank-interacting protein-
like 1 (SIPL1),100 and a-mannosidase 2C1 (MAN2C1),101 can
also interact with PTEN and directly inhibit its lipid phos-
phatase activity to convert PIP3 into PIP2.

Function of PTEN

PTEN regulates PI3K/AKT signalling with its phosphatase-
dependent activity. However, PTEN also has phosphatase-
independent functions.1 As PTEN can shuttle between the
cytoplasm and nucleus, it is a tumor suppressor gene both
in the cytoplasm and nucleus.102,103

PTEN and cell metabolism

Metabolic reprogramming leads to rapid cell proliferation.
Cancer cells or rapidly proliferating cells convert glucose
into lactate via aerobic glycolysis, regardless of the pres-
ence of oxygen, which is known as the Warburg effect.104

Cellular mediators of signal transduction and gene expres-
sion, PTEN/PI3K/AKT/mTOR pathway, HIF1-a, and MYC can
affect the metabolic pathways during cell proliferation and
carcinogenesis.105 PI3K/AKT regulates glucose uptake, and
HIF1-a and MYC regulate genes that are involved to regu-
late glucose and glutamine metabolism.105

It has been shown that overexpressing PTEN in trans-
genic mice decreased body size due to the reduction of cell
number, increased energy expenditure, and decreased
accumulation of body fat.106 Additionally, reduction in the
glucose and glutamine uptake increased mitochondrial
oxidative phosphorylation, and resistance to oncogenic
transformation was observed in transgenic mice cells with
PTEN overexpression.106 Another study showed that addi-
tional genomic copies of PTEN in transgenic mice prevent
metabolic pathologies and cancer.107

PTEN/PI3K/AKT/mTOR pathway has an important role in
regulating glucose metabolism. As PTEN modulates insulin
signaling, it has a role in regulating glucose uptake.108,109 It
has been discovered that overexpression of PTEN in adi-
pocytes reduced the uptake of glucose due to the inhibition
of insulin-stimulated, PI3K activation-dependent 2-deoxy-
glucose uptake and glucose transporter 4 (GLUT4) trans-
location which is a key event in insulin signaling.110 Another
study showed that GLUT4 translocation and insulin meta-
bolic function cannot be modulated by PTEN in normal
physiological conditions.111 However, it was found that
PTEN regulates GLUT1 expression and thus glucose uptake
in transformed cells such as thyroid cancer cells.112 PTEN
regulates FOXO, PPAR gamma-coactivator 1 alpha (PGC1a)
and inhibits gluconeogenesis.107 Moreover, PI3K/AKT
signaling inhibits GSK3, which activates lipogenic tran-
scription factor sterol-regulatory element-binding protein
1C (SREBP1C), thus loss of PTEN induces adipogenic-like
transformation and genes involved in lipogenesis and b-
oxidation via PPARg and SREBP1C.113
PTEN and cell motility/polarity

PTEN/PI3K signalling pathway has been shown to have a
role in migration both in development and cancer cells.
Genetic deletion of PTEN in mouse fibroblast lines induced
cell motility via overexpression of key downstream effec-
tors of the PI3K pathway, RAC1 and CDC42, which promote
cell migration.11 The migration of glioma cells can be
inhibited by the C2 domain of PTEN showing its lipid phos-
phatase-independent activity,114 which may indicate the
influence of the PI3K pathway-independent effect of
PTEN.115 It has also been shown that glioblastoma cell
migration was enhanced with the knockdown of PTEN via
focal adhesion kinase (FAK). FAK is a cytoplasmic phos-
phoprotein and is activated by integrins which can be
dephosphorylated by PTEN, inhibiting cell migration.116

Moreover, SHC is also dephosphorylated by PTEN, which
inhibits downstream MAPK that has a role in cell motility.117

To establish the polarity of the cell, when PTEN is found
on the apical cell membrane during epithelial morphogen-
esis, PTEN and PIP2 recruit annexin 2 (ANXA2), CDC42 and
partitioning defective 6 (PAR6)-atypical protein kinase C
(aPKC) to the apical plasma membrane.118 Therefore, the
normal development of the apical surface and lumen might
be blocked with the loss of PTEN and could lead to changing
of cells from epithelial to mesenchymal properties and in-
crease the cell motility and invasion which is known as
EMT.73
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PTEN and tumour microenvironment

The role of PTEN in regulating the tumor microenvironment
has also been identified. The tumor microenvironment
consists of immune and stromal cells.119 Loss of PTEN ac-
tivity not only affects the cancer cell behavior but also
affects the tumor microenvironment and immune-infiltrate
composition. Studies showed that loss of PTEN function
leads to tumor microenvironment remodeling and forma-
tion of immunosuppressive tumor microenvironment with
properties such as reduced frequency of cytotoxic T cells,
helper T cells, and natural killer (NK) cells, increased levels
of pro-oncogenic inflammatory cytokines, and increased
frequency of immunosuppressive cells.120e122

Genetic and epigenetic changes in TP53 and PTEN were
observed in stromal fibroblasts from the tumor microenvi-
ronment of human breast cancer samples.123 Stromal fi-
broblasts are the major important cell types that can shape
the microenvironment architecture leading to tumor
growth and progression.124 Trimboli et al in 2009 showed
that the deletion of PTEN in fibroblasts of mouse mammary
gland tumors form a tumor-permissive stroma including
remodeling of extracellular matrix and increased collagen
deposition, innate immune cell infiltration, and angiogen-
esis. These features increase the tumor initiation, pro-
gression, and malignant transformation of mammary
epithelial tumors.125 Mechanistically, down-regulation of
miR-320 up-regulates v-ets erythroblastosis virus E26
oncogene homolog 2 (ETS2) in PTEN-deleted mammary
stromal fibroblasts which activates an oncogenic secretome
that reprogrammes the tumor microenvironment and pro-
motes angiogenesis and tumor cell invasion.126 Thus, PTEN
regulates the communication between various cellular
compartments in the tumor microenvironment, which can
influence the cancer phenotype.

PTEN and angiogenesis

PTEN/PI3K/AKT signaling is also important for angiogenesis
via mechanisms such as HIF1-a and transcriptional activa-
tion of VEGF.127 For example, it has been shown that PTEN
negatively regulates transcription factors HIF1-a and VEGF
and inhibits tumor angiogenesis.128 Moreover, over-
expressing PTEN in a PTEN-deficient glioma model signifi-
cantly reduced tumor growth in vivo and increased mice
survival, which was due to the induction of a negative
regulator of angiogenesis, thrombospondin-1 which led to
decreased blood vessel formation in the tumor.129

Nuclear PTEN

It has been shown that PTEN can shuttle from the cytoplasm
to the nucleus and has a functional role in the nucleus.
Thus, PTEN is also a tumor suppressor gene in the nucleus
and nuclear loss of PTEN contributes to more aggressive
cancers and can be used as a prognostic marker.130,131

Puc et al in 2005 discovered that loss of PTEN promotes
genomic instability in tumors via checkpoint kinase 1
(CHK1), which is involved in cell cycle progression; this re-
flects one of the PTEN functions in the nucleus.17,132
Mechanistically, when PTEN is deficient, the cytoplasmic
AKT signaling pathway is activated and contributes to CHK1
degradation by phosphorylation and subsequent ubiquitina-
tion in the cytoplasm and entry of CHK1 to the nucleus is
prevented (Fig. 4A).132 Both in vitro (in embryonic stem
cells)17 and in vivo (primary breast carcinoma)132 studies
demonstrated that PTEN deficiency leads to the accumula-
tion of unrepaired double-strand breaks due to the lack of
CHK1 in the G2 checkpoint and stimulates tumor develop-
ment. Apart from PTEN/AKT/CHK1 mechanism, nuclear
PTEN has two other mechanisms related to its tumor sup-
pressive role to maintain chromosomal stability.1,26 First,
PTEN interacts with centromeres by physical association
with integral kinetochore component centromere protein-C
(CENP-C) (Fig. 4B). The physical interaction between PTEN
and CENP-C does not require PTEN phosphatase activity as
PTEN with the PTENC124S mutation was able to interact
with CENP-C.26 However, a specific nonsense mutation,
R189X, of PTEN which lacks the entire C-terminus but has
the intact N-terminal phosphatase domain showed a
disruption of the interaction and led to centromere
breakage and chromosomal translocations.26 Secondly, PTEN
could be essential for DNA repair as PTEN null-type cells
showed DNA double-strand breaks. It has been shown that
PTEN interacts with the E2F-1 transcription factor to regu-
late the key component for homologous recombination
repair of DNA double-strand breaks (Rad51) but PTEN defi-
ciency prevents this interaction (Fig. 4C).26 Similar to the
first mechanism described above, Rad51 regulation was
PTEN phosphatase activity-independent because the
PTENC124S mutant lacking catalytical activity did not
change Rad51 expression.26

The phosphatase-independent activity of PTEN increases
the E3-ligase activity of anaphase-promoting complex/
cyclosome (APC/C) via the association of APC/C with its
activator CDC20 and CDH1 (Fig. 4D).133 APC/C-CDH1 com-
plex has tumor suppressive activity which causes the
degradation of oncoproteins such as Aurora kinases (AURKs)
and polo-like kinase 1 (PLK1).133,134 This indicates the
phosphatase-independent tumor suppressive activity of
nuclear PTEN due to the activation of APC/C-CDH1.133

It has also been reported that the role of nuclear PTEN
might be regulated by the physical interaction of PTEN with
other nuclear target proteins such as p53.135 The crosstalk
between PTEN and p53 was discovered in mice in which it
was showed that loss of PTEN causes p53-driven carcino-
genesis due to the phosphatase-dependent and phospha-
tase-independent activities of PTEN.135 Loss of PTEN
activates AKT signaling, phosphorylates MDM2, and trans-
locates MDM2 to the nucleus, which then leads to p53
degradation (Fig. 4E).38,136 Thus, PTEN is involved in the
stabilization and transcriptional activity of p53, which has
an important function in tumorigenesis.135

Targeting PTEN-inactive cancers

PI3K/AKT/mTOR pathway

The loss of PTEN function activates the PI3K/AKT/mTOR
pathway and results in the growth, proliferation, and



Figure 4 Nuclear functions of PTEN. PTEN has functions both in the cytoplasm and nucleus. (A) Cytoplasmic PTEN de-
phosphorylates PIP3 into PIP2 and inhibits AKT activity and CHK1 phosphorylation, leading to CHK1 translocation into the nucleus for
DNA repair. (B) In the nucleus, PTEN can bind to CENP-C and maintain centromere stability. (C) PTEN interacts with E2F-1 and leads
to transcriptional regulation of Rad51 to control DNA repair in the nucleus. (D) Nuclear PTEN enhances the interaction between
APC/C and CDH1 to maintain genomic stability and control the cell cycle. (E) Nuclear PTEN interacts with p53 to control the cell
cycle due to the phosphatase-dependent and phosphatase-independent activities of PTEN. PTEN, phosphatase and tensin homolog;
PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5- triphosphate; CHK1, checkpoint kinase 1; CENP-C,
centromere protein-C; APC/C, anaphase-promoting complex/cyclosome; CDH1, CDC20 homologue 1. Information was collected
from the review of Song MS et al1.
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survival of cancer cells.19,27 Therefore, there have been
different studies to target this pathway.

Since the loss of PTEN causes resistance mechanisms to
the treatments, pre-clinical studies have been focusing on
combination treatments. For example, a recent study
combining the treatment of G-protein-coupled receptor
(PAR1), EGFR signaling, and PI3Kb inhibitor,137 and another
study combining PI3Kb inhibitor with paclitaxel (a chemo-
therapeutic agent) and anti-PD1,138 suggested that these
combinations could be new potential therapeutic strategies
for PTEN-inactive triple-negative breast cancer (TNBC).

The LOTUS trial is one of phase 2 clinical trials, which
showed that the median overall survival in paclitaxel
(chemotherapeutic drug) with ipatasertib (AKT inhibitor)
arm versus paclitaxel with placebo arm is 23.1 vs. 15.8
months in the PTEN low population.139 There are also active
clinical trials that include combination treatments for
PTEN-inactive cancer types such as (i) the combination of
PI3K-Beta inhibitor, AZD8186, and chemotherapeutic drug,
docetaxel (NCT03218826), (ii) the combination of receptor
tyrosine kinase inhibitor, pazopanib, and mTOR inhibitor,
everolimus (NCT01430572), and (iii) the combination of
PI3K-Beta inhibitor, GSK2636771, and immunotherapy,
pembrolizumab (NCT03131908).
Thus, studies were focused to treat PTEN-inactive can-
cer by targeting selected components of the PI3K/AKT/
mTOR signaling pathway.

Synthetic lethality

Discovering an effective treatment is challenging due to the
genetic abnormalities in cancer cells. Targeting and inhib-
iting the function of activated “druggable” oncogenes has
been successful. For instance, the function of amplified
human epidermal growth factor receptor 2 (HER2) is
inhibited by the monoclonal antibody, trastuzumab.140

Loss-of-function mutations in tumor suppressor genes are
major genetic alterations leading to more challenges to
identify targeted drugs since it is difficult to restore their
functions.141 Therefore, studies have been focusing on
target downstream signaling pathways that are altered by
the inactivation of tumor suppressor genes.141,142 This
paves the way for studies to focus on a different approach,
which is synthetic lethality.

Synthetic lethality is a phenomenon between two genes
that the simultaneous alteration (a mutation, RNAi knock-
down, or inhibition) of both genes leads to loss of viability
but the alteration of one gene does not (Fig. 5).143
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Synthetic lethality is an important approach in cancer
research since it can be used to target cancers with inactive
tumor suppressor genes.144

Targeting synthetic lethality provides an alternative
approach to cancer treatment.145,146 To identify novel
targeted therapies, synthetic lethality screens can be per-
formed, including RNA interference (RNAi) screens.142,147

One of the well-known examples of synthetic lethality
interaction is that between BRCA1/2 and PARP1. BRCA1/2
are tumor suppressor genes that have a role in homologous-
recombination-mediated DNA repair and PARP1 is involved
in base excision repair. Tumors with BRCA1/2 deficiency
depend on PARP1 for DNA repair. Thus, inhibition of PARP1
kills BRCA1/2 deficient tumors.148,149
Synthetic lethality genes/interactions in PTEN-
inactive cancer types

As PTEN is the second most mutated gene following TP53 in
different cancer types,5 various studies have been per-
formed to identify PTEN synthetic lethal interactions in a
variety of cancer types (Table 1). Although, there are no
clinical trials for PTEN synthetic lethality yet, discovering
PTEN synthetic lethal interactions in cancer may provide
potential biomarkers or targeted therapies for the cancer
types, which do not have successful treatment options.
Poly-ADP ribose polymerase (PARP)

In addition to the synthetic lethality interaction between
BRCA1/2 and PARP1, Christopher J Lord and Alan Ash-
worth’s group showed the benefits of treatment of PTEN-
deficient tumors with PARP1 inhibitor and thereby identi-
fied the synthetic lethality relationship between PTEN and
PARP.150 They showed that PTEN-deficient cancer cells
decreased the expression of RAD51, which is involved in
homologous recombinant (HR)-mediated DNA repair and
therefore increases the sensitivity to PARP inhibitors.150

Moreover, GBM cancer cells treated with temozolomide
with PARP inhibitors showed resistance due to the up-
regulation of HR.151 Following studies by another group
showed that PTEN-deficient GBM patients, which have
down-regulated HR, can benefit from the combination of
PARP inhibitors with the standard treatment of GBM, which
is the combination of ionizing radiation and temozolo-
mide.152 These studies highlighted the promising treatment
option of using PARP inhibitors for PTEN-deficient cancer
types.
Figure 5 The principle of synthetic lethality. The survival of c
function) depends on the expression of gene B. Inhibition of gene B
inactive gene. Information was collected from the review of Fece
MPS1, mono polar spindle 1 (TTK)

Since targeting the identified critical genes could be chal-
lenging, Christopher J Lord and Alan Ashworth’s group
conducted the first attempt to identify potential “drug-
gable” genes in different breast tumour cell line models by
using siRNA targeting the kinome.153 It was discovered that
PTEN-deficient breast tumour cells have a dependency on
the gene, TTK protein kinase gene that has a role in the
mitotic spindle assembly checkpoint. Inhibition of TTK by
both siRNA and chemically in PTEN-deficient cells indicated
a novel treatment strategy for PTEN mutant tumors.
Mechanistically, the synthetic lethality interaction between
PTEN and TTK showed that TTK inhibition increased the
aneuploidy or genomic instability and led to PTEN-deficient
selective cell death.

Polo-like kinase 1 (PLK1)

One of the previous studies showed that PTEN regulates E3-
ubiquitin ligase APC/CDH1, which then causes the degra-
dation of oncoprotein, PLK1.133 It was then found that PLK1
expression was increased in PTEN-deficient prostate cancer
cells, which leads to the adaptation of cells to mitotic
stress for survival.134 This study discovered that inhibition
of PLK1 could be a potential treatment option for prostate
cancer patients with PTEN deficiency.134

Nemo-like kinase (NLK)

Another study from Christopher J Lord and Alan Ashworth’s
group also discovered different synthetic lethal genes with
PTEN.154 By performing RNAi screening in PTEN-deficient
isogenic models, they identified that NLK inhibition could
be synthetic lethality. It is known that PTEN-deficient cells
increase the activation of AKT, which then phosphorylates
the tumor suppressor gene, FOXO1, and leads to its
degradation. Additionally, NLK is known to inactivate
FOXO1 via AKT-independent phosphorylation. In this study,
it was discovered that PTEN and NLK synthetic lethality is
FOXO1-dependent. Inhibition of NLK increased the nuclear
FOXO1 localization and induced senescence in PTEN-defi-
cient cells but not in PTEN-proficient cells.154

Polynucleotide kinase-phosphatase (PNKP)

Protein PNKP, which is an enzyme that has a role in
repairing DNA strand breaks was another identified syn-
thetic lethal partner with PTEN.155 The initial studies
ancer cells with inactive tumour suppressor gene A (loss of
leads to synthetic lethality (cell death). The star represents the
de la Cruz F et al146.



Table 1 Identified synthetic lethality genes/interactions in PTEN-inactive cancer types.

Synthetic lethality genes/interactions Function Tumour cell line Reference

Poly-ADP ribose polymerase (PARP) DNA repair mechanism Colorectal, endometroid, breast,
glioma, bladder, melanoma

150,152

MPS1, Mono Polar Spindle 1 (TTK ) Regulate cell division Breast 153

Polo-like kinase 1 (PLK1) Regulate cell cycle Prostate 134

Nemo-like kinase (NLK) Regulate transcriptional
molecules such as AKT-
independent phosphorylation of
FOXO1

Colorectal, endometrial, ovary,
bladder, melanoma, lung, breast

154

Polynucleotide kinase-phosphatase
(PNKP)

DNA repair mechanism Lung, colon, prostate 155,156

Apurinic/apyrimidinic endonuclease
1 (APE1)

DNA base excision repair (BER) Melanoma 158

Casein kinase II (CKII) Cell cycle control, DNA repair,
cellular processes

Chronic myeloid leukaemia 161

Ataxia telangiectasia mutated (ATM) DNA repair Colorectal, prostate, breast 162,163

Death domain associated protein
(DAXX)

Histone chaperone Glioblastoma 164

Chromatin helicase DNA binding
protein 1 (CHD1)

Activate gene transcription Prostate, breast 165

Dihydroorotate dehydrogenase
(DHODH)

de novo pyrimidine synthesis Breast, glioblastoma, prostate 166,167

NUAK family kinase 1 (NUAK1) Cell proliferation, cell cycle, DNA
repair

Breast 168

Ataxia telangiectasia-mutated- and
Rad3-related kinase (ATR)

DNA repair Breast 169

Pyruvate dehydrogenase kinase 1
(PDHK1)

Regulate energy metabolism Lung 170

Lysyl oxidase (LOX) Recruit macrophages Glioblastoma 171

WD Repeat And HMG-Box DNA Binding
Protein 1 (WDHD1)

Initiate DNA replication Triple negative breast cancer 172

Histone Acetyltransferase (HAT)
P300/CBP

Regulate gene transcription Colorectal 173
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showed that PNKP inhibition in PTEN-deficient cells sensi-
tized the cancer cells to ionizing radiation.155e157

Apurinic/apyrimidinic endonuclease (APE1)
APE1 is another protein that has function in DNA base
excision repair (BER) and the synthetic lethal link between
PTEN and APE1 was identified in melanoma.158 Abbotts et al
in 2014 demonstrated that PTEN-deficient cells have
defective gene expressions which play a role in DNA double-
strand break (DSB) break compared to the PTEN-proficient
cells. Since the sensitivity, accumulation of DSBs, and
apoptosis were increased post-treatment of APE1 in-
hibitors, the synthetic lethality relation between PTEN and
APE1 was supported in melanoma.158 This study showed
that blocking BER by APE inhibition could be a potential
targeted therapy for PTEN-deficient melanomas.

Casein kinase II (CKII)
Translocation t (9:22), which codes for BCR-ABL chimeric
protein, causes chronic myeloid leukaemia (CML).159 It was
shown that BCR-ABL leads to the shuttling of PTEN from the
nucleus to the cytoplasm and results in the loss of PTEN
nuclear function.160 Morotti et al in 2015 demonstrated the
mechanism of how PTEN is inactive in the cytoplasm,
showing that BCR-ABL inactivates PTEN via the activity of
CKII.161 The study highlighted a novel pathway BCR-ABL/
CKII/PTEN as a potential target for synthetic lethality by
using a tyrosine kinase inhibitor.

Ataxia telangiectasia mutated (ATM)

PTEN-deficient cells increased the level of reactive oxygen
species and endogenous DNA damage and activated ATM
molecule that has a role in the DNA damage response.162

The synthetic lethal interaction between PTEN and ATM
was identified and inhibition of ATM leads to catastrophic
DNA damage, mitotic cell cycle arrest, and cell death in
PTEN-deficient cells. This finding suggested that the sur-
vival of PTEN-deficient can depend on ATM activation to
maintain the integrity of DNA.162 A different study also
showed that PTEN and ATM are synthetic lethal partners in
breast cancer cells and demonstrated that the sensitivity of
PTEN-deficient breast cancer cells to cisplatin was
increased with ATM inhibitor KU-60019.163
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Death domain-associated protein (DAXX)

As PTEN physically interacts with DAXX and regulates the
loading of H3.3 on chromatin in GBM, the chromatin-asso-
ciated role of PTEN was discovered. This interaction be-
tween PTEN and DAXX-H3.3 chromatin complex represses
the transcription of oncogenes.164 Therefore, in PTEN-defi-
cient tumour cell, H3.3 is removed from the chromatin by
DAXX and increases the expression of the oncogene. Inhibi-
tion of DAXX restored H3.3 on the chromatin, inhibited the
level of oncogenes, suppressed the growth of tumour cells,
and improved the survival of PTEN-deficient GBM cells in a
mice model. This study highlighted the synthetic lethal
interaction between PTEN and DAXX in GBM.164
Chromatin helicase DNA binding protein 1 (CHD1)

Another study discovered CHD1 as a synthetic essential
gene in PTEN-deficient cancers.165 Cell proliferation, sur-
vival, and tumorigenic potential were suppressed with the
inhibition of CHD1 in PTEN-deficient breast and prostate
cancers. Mechanistically, PTEN inhibits AKT, which then
activates GSK3b. Activated GSK3b phosphorylates and de-
grades CHD1 via a b-TrCP-mediated ubiquitination-protea-
some pathway. In contrast, PTEN-deficient prostate cancer
cells stabilise CHD1 protein and lead to its interaction with
H3K4me3 and transcriptional activation of NF-kB down-
stream genes to cause the progression of prostate cancer.
Additionally, inhibition of CHD1 suppresses the proliferation
and tumour growth of both prostate and breast cancer cells
with PTEN deficiency. This study demonstrated a novel
pathway of PTEN in cancer and suggested potential tar-
geted therapy for PTEN-deficient tumors.

Dihydroorotate dehydrogenase (DHODH)
Although the role of PTEN in glucose metabolism is not
completely understood, and one of the studies examined
the metabolic consequences of PTEN loss. It was found that
glutamine flux increased the growth of PTEN-inactive cells
via the de novo pyrimidine synthesis pathway and this
increased the sensitivity to DHODH enzyme inhibition.166

The number of replication forks was increased in PTEN-
mutant cells that are in the S-phase of the cell cycle and
suppression of DHODH caused chromosome breaks and
apoptosis due to the impotent activation of ATR and DNA
damage at replication forks.166 Therefore, this study
discovered that glutamine flux increased the sensitivity to
DHODH suppression which leads to synthetic lethality in
PTEN-deficient cells, and suggested DHODH could be a po-
tential therapy for PTEN-deficient cancer patients.
Recently, it was shown that by using a DHODH inhibitor,
leflunomide synthetic lethality in PTEN-deficient prostate
cancer was triggered both in vitro and in vivo.167

NUAK family kinase 1 (NUAK1)
By using a multi-step approach, namely, (i) siRNA screen in
isogenic human mammary epithelial cell lines, (ii) shRNA
screen in breast cancer cell lines, (iii) identifying hits be-
tween siRNA-shRNA screens and three independent gene
essentiality screens, and (iv) drug sensitivity assay in cell
lines or publicly available pan-cancer somatic mutation
data, PTEN synthetic lethal genes were identified in breast
cancer. NUAK1 is one of the identified novel PTEN synthetic
genes and its inhibition by small molecule drug HTH-01-015
decreased the viability of PTEN-deficient breast cancer cell
lines.168 This study also highlighted a potential treatment
for PTEN-deficient breast tumors.

Ataxia telangiectasia-mutated- and Rad3-related kinase
(ATR)
The protein level of ATR was examined in human breast
cancers and it was found that ATR level was highly
expressed in low nuclear PTEN tumors, which was associ-
ated with higher grade, larger tumour size, and poor sur-
vival.169 ATR was blocked with VE-821 which led to double-
strand DNA breaks, cell cycle arrest, and an increase in
apoptosis.169 This study demonstrated the synthetic
lethality relation between PTEN-deficient triple-negative
breast cancer and ATR.

Pyruvate dehydrogenase kinase 1 (PDHK1)
Chatterjee et al in 2019 showed that metabolic PDHK1
expression was up-regulated in PTEN-deficient lung
adenocarcinoma.170 It was also found that inhibition of
PDHK1 by shRNA and PDHK1 inhibitor dichloroacetate (DCA)
in PTEN-deficient cancer cells led to synthetic lethality.
Mechanistically, it was shown that loss of PTEN protein-
phosphatase activity leads to NKAP phosphorylation, NF-kB
activation, and PDHK1 up-regulation. Up-regulation of
PDHK1 promotes aerobic glycosylation, suggesting that the
NKAP and PDHK1 are important for the survival of PTEN
protein-phosphatase deficient cells.170 This study identified
PDHK1 as a potential targeted therapy for PTEN-deficient
cancers.

Lysyl oxidase (LOX)
The combination of profiling and functional studies in GBM
demonstrated that loss of PTEN increases macrophage
infiltration through the activation of the YAP1-LOX-b1
integrin-PYK2 pathway and the survival of GBM is sustained
by the secretion of SPP1 from infiltrated macrophages.171

Macrophage infiltration and tumor growth were decreased
with the inhibition of LOX in GBM xenograft mouse
models.171 This study showed the interaction and mecha-
nism between glioma cells and macrophage, which revealed
a potential therapeutic target for PTEN-deficient GBM.
WD repeat and HMG-box DNA binding protein 1
(WDHD1)

In our recent study, we conducted a joint analysis using
TCGA data and whole genome siRNA screening in isogenic
PTEN-negative and -positive cells to discover PTEN syn-
thetic lethal genes.172 WDHD1 was one of the identified
candidate synthetic essential genes in PTEN-inactive TNBC
cells (Fig. 6). Among the candidate genes essential for the
survival of PTEN-inactive TNBC cells, WDHD1 expression
was higher in PTEN-low TNBC samples compared to the
PTEN-high TNBC samples. siRNA screening also showed that
WDHD1 was the top hit gene and the cell viability of PTEN-
negative cells was significantly inhibited with the knock-
down of WDHD1, which was further validated in 2D and 3D



Figure 6 WDHD1 serves as a synthetic essential gene in PTEN-inactive TNBC cells. (A) WDHD1 expression is low in PTEN-active
TNBC. (B) Knockdown of WDHD1 with siRNA does not decrease the cell survival in PTEN-active TNBC cells. (C) PTEN-inactive TNBC
cells increase WDHD1 expression and the survival of cells. (D) Inhibition of WDHD1 with siRNA in PTEN-inactive TNBC leads to
synthetic lethality (cell death). The star represents the inactive PTEN. Arrows indicate induction. Bold arrows indicate higher
induction. PTEN, phosphatase and tensin homolog; WDHD1, WD repeat and high mobility group [HMG]-box DNA binding protein 1;
TNBC, triple negative breast cancer.
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cultures.172 We also showed that the expression of WDHD1
in TNBC is affected by PTEN status via AKT signaling. Pa-
tient samples obtained from the TCGA and tissue micro-
arrays with clinic-pathological information also supported
the significance of WDHD1 in TNBC. Mechanistically, WDHD1
plays an important role in cell cycle progression as well as
mediating a high demand of protein translation in PTEN-
inactive TNBC via directly interacting with the components
of the translation machinery. Thus, as an essential gene for
the survival of PTEN-inactive TNBC cells, WDHD1 could be a
potential therapeutic target for TNBC.

Histone acetyltransferase (HAT) P300/CBP
Synthetic lethality drug screening with PTEN-isogenic
colorectal cancer cells discovered that PTEN-deficient cells
were sensitive to anacardic acid, a p300/CBP HAT inhibi-
tor.173 Cell viability of PTEN-deficient cells was decreased
with anacardic acid due to the induction of apoptosis.
Anacardic acid reduced the acetylation of histones and
down-regulated the Hsp70 family of proteins transcription,
which decreased the formation of the AKT-Hsp70 complex
and phosphorylation of AKT at Ser473. The validation of the
synthetic lethality of anacardic acid in PTEN-deficient tu-
mors was performed in vivo.

Conclusion

Understanding signaling pathways in cancer is very impor-
tant for the effect and response of a potential drug. Inac-
tive tumor suppressor genes can alter the downstream
signaling pathways. Therefore, targeting the downstream
signaling pathway, synthetic lethality, is an alternative
approach to treating cancers with inactive tumor suppres-
sor genes.

Clinically, the biggest limitation of synthetic lethality is
drug resistance.174,175 Moreover, synthetic lethality in-
teractions could be cancer-specific which means while it is
successful in one cancer, it is unsuccessful in a different
cancer. Thus, specific internal and external requirements
are needed for the effect of synthetic lethality.176 To
overcome the problems of drug resistance and the specific
requirements of the cancer types, a multi-faceted testing
framework could be used.177 In preclinical studies, drug
resistance mechanisms can be observed when distinct mi-
croenvironments and genetic backgrounds of cancer cells
are discovered which leads to different sensitivities to the
same synthetic lethal effect.178 To solve the drug resistance
mechanism and also reduce drug dosage, chemotherapeutic
drugs, immunotherapy, or radiation therapy could be
combined with a synthetic lethality-based treatment
strategy.174 Synthetic lethal drugs may also have off-target
side effects, increase the side effects of anticancer drugs,
and damage DNA on normal tissue which may result in
secondary malignancies.144 Nanomedicine has been a
promising tool for effective drug delivery to prevent
adverse events, off-target side effects, and usage of high
drug dosage.179e181 Therefore, integrating nanomedicine
into synthetic lethality has the potential to overcome the
limitations of synthetic lethality and also to improve the
efficiency of the treatment.182e184 Synthetic lethality
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helped to provide different possibilities for the applications
that are used at present and will be used in the future.

PTEN is the second most mutated tumor suppressor gene
after TP53 and the deficiency of PTEN was observed in
different cancer types.5 Identifying a targeted synthetic
lethal gene for PTEN-deficient cancer cells might be used as
a biomarker for treatment. However, as cancer is a het-
erogeneous disease, it is challenging to identify potential
synthetic lethal genes, which may lead to identifying inac-
curate biomarkers or targeted therapies. Therefore, large-
scale high-throughput synthetic lethal screening approaches
such as RNAi and CRISPR systems can be useful for discov-
ering synthetic lethal genes for cancer types with particular
gene signatures such as PTEN deficiency. In this review, we
uncover the importance of PTEN in cancer and synthetic
lethality phenomena. Various studies showed the synthetic
lethal interaction between the specific genes and PTEN,
which could be a potential targeted therapy in cancer.

Author contributions

Ayse Ertay conceptualised, wrote, and edited the manu-
script. Rob M Ewing edited the manuscript and supervised
this project. Yihua Wang conceptualised, edited, super-
vised, and acquired funding for this project.
Conflict of interests

The authors declare no conflict of interests.

Funding

This work was supported by an Academy of Medical Sci-
ences, United Kingdom/the Wellcome Trust Springboard
Award (No. SBF002\1038) and the Medical Research Council,
United Kingdom (No. MR/S025480/1). A.E. was supported
by the Wessex Medical Trust, United Kingdom. For the
purpose of open access, the authors have applied a CC-BY
public copyright license to any Author Accepted Manuscript
version arising from this submission.
References

1. Song MS, Salmena L, Pandolfi PP. The functions and regulation
of the PTEN tumour suppressor. Nat Rev Mol Cell Biol. 2012;
13(5):283e296.

2. Steck PA, Pershouse MA, Jasser SA, et al. Identification of a
candidate tumour suppressor gene, MMAC1, at chromosome
10q23.3 that is mutated in multiple advanced cancers. Nat
Genet. 1997;15(4):356e362.

3. Li DM, Sun H. TEP1, encoded by a candidate tumor suppressor
locus, is a novel protein tyrosine phosphatase regulated by
transforming growth factor beta. Cancer Res. 1997;57(11):
2124e2129.

4. Li J, Yen C, Liaw D, et al. PTEN, a putative protein tyrosine
phosphatase gene mutated in human brain, breast, and
prostate cancer. Science. 1997;275(5308):1943e1947.

5. Kechagioglou P, Papi RM, Provatopoulou X, et al. Tumor sup-
pressor PTEN in breast cancer: heterozygosity, mutations and
protein expression. Anticancer Res. 2014;34(3):1387e1400.
6. Di Cristofano A, Pesce B, Cordon-Cardo C, et al. Pten is
essential for embryonic development and tumour suppres-
sion. Nat Genet. 1998;19(4):348e355.

7. Stambolic V, Suzuki A, de la Pompa JL, et al. Negative regu-
lation of PKB/Akt-dependent cell survival by the tumor sup-
pressor PTEN. Cell. 1998;95(1):29e39.

8. Suzuki A, de la Pompa JL, Stambolic V, et al. High cancer
susceptibility and embryonic lethality associated with muta-
tion of the PTEN tumor suppressor gene in mice. Curr Biol.
1998;8(21):1169e1178.

9. Podsypanina K, Ellenson LH, Nemes A, et al. Mutation of
Pten/Mmac1 in mice causes neoplasia in multiple organ sys-
tems. Proc Natl Acad Sci U S A. 1999;96(4):1563e1568.

10. Sun H, Lesche R, Li DM, et al. PTEN modulates cell cycle
progression and cell survival by regulating phosphatidylinosi-
tol 3, 4, 5,-trisphosphate and Akt/protein kinase B signaling
pathway. Proc Natl Acad Sci U S A. 1999;96(11):6199e6204.

11. Liliental J, Moon SY, Lesche R, et al. Genetic deletion of the
Pten tumor suppressor gene promotes cell motility by acti-
vation of Rac1 and Cdc42 GTPases. Curr Biol. 2000;10(7):
401e404.

12. Stambolic V, Tsao MS, MacPherson D, et al. High incidence of
breast and endometrial neoplasia resembling human Cowden
syndrome in ptenþ/- mice. Cancer Res. 2000;60(13):
3605e3611.

13. Backman SA, Stambolic V, Suzuki A, et al. Deletion of Pten in
mouse brain causes seizures, ataxia and defects in soma size
resembling Lhermitte-Duclos disease. Nat Genet. 2001;29(4):
396e403.

14. Hollander MC, Blumenthal GM, Dennis PA. PTEN loss in the
continuum of common cancers, rare syndromes and mouse
models. Nat Rev Cancer. 2011;11(4):289e301.

15. Gu J, Tamura M, Yamada KM. Tumor suppressor PTEN inhibits
integrin- and growth factor-mediated mitogen-activated
protein (MAP) kinase signaling pathways. J Cell Biol. 1998;
143(5):1375e1383.

16. Li DM, Sun H. PTEN/MMAC1/TEP1 suppresses the tumorige-
nicity and induces G1 cell cycle arrest in human glioblastoma
cells. Proc Natl Acad Sci U S A. 1998;95(26):15406e15411.

17. Puc J, Parsons R. PTEN loss inhibits CHK1 to cause double
stranded-DNA breaks in cells. Cell Cycle. 2005;4(7):927e929.

18. Lee JO, Yang H, Georgescu MM, et al. Crystal structure of the
PTEN tumor suppressor: implications for its phosphoinositide
phosphatase activity and membrane association. Cell. 1999;
99(3):323e334.

19. Cantley LC, Neel BG. New insights into tumor suppression:
PTEN suppresses tumor formation by restraining the phos-
phoinositide 3-kinase/AKT pathway. Proc Natl Acad Sci U S A.
1999;96(8):4240e4245.

20. Yin Y, Shen WH. PTEN: a new guardian of the genome.
Oncogene. 2008;27(41):5443e5453.

21. Campbell RB, Liu F, Ross AH. Allosteric activation of PTEN
phosphatase by phosphatidylinositol 4, 5-bisphosphate. J Biol
Chem. 2003;278(36):33617e33620.

22. Walker SM, Leslie NR, Perera NM, et al. The tumour-sup-
pressor function of PTEN requires an N-terminal lipid-binding
motif. Biochem J. 2004;379(Pt 2):301e307.

23. Georgescu MM, Kirsch KH, Akagi T, et al. The tumor-sup-
pressor activity of PTEN is regulated by its carboxyl-terminal
region. Proc Natl Acad Sci U S A. 1999;96(18):10182e10187.

24. Fanning AS, Anderson JM. Protein modules as organizers of
membrane structure. Curr Opin Cell Biol. 1999;11(4):432e439.

25. Das S, Dixon JE, Cho W. Membrane-binding and activation
mechanism of PTEN. Proc Natl Acad Sci U S A. 2003;100(13):
7491e7496.

26. Shen WH, Balajee AS, Wang J, et al. Essential role for nuclear
PTEN in maintaining chromosomal integrity. Cell. 2007;
128(1):157e170.

http://refhub.elsevier.com/S2352-3042(23)00012-0/sref1
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref1
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref1
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref1
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref2
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref2
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref2
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref2
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref2
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref3
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref3
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref3
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref3
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref3
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref4
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref4
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref4
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref4
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref5
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref5
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref5
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref5
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref6
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref6
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref6
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref6
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref7
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref7
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref7
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref7
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref8
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref8
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref8
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref8
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref8
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref9
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref9
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref9
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref9
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref10
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref10
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref10
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref10
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref10
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref11
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref11
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref11
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref11
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref11
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref12
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref12
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref12
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref12
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref12
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref12
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref12
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref13
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref13
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref13
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref13
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref13
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref14
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref14
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref14
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref14
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref15
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref15
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref15
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref15
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref15
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref16
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref16
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref16
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref16
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref17
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref17
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref17
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref17
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref18
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref18
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref18
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref18
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref18
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref19
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref19
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref19
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref19
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref19
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref20
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref20
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref20
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref21
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref21
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref21
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref21
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref22
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref22
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref22
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref22
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref23
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref23
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref23
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref23
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref24
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref24
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref24
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref25
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref25
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref25
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref25
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref26
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref26
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref26
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref26


2524 A. Ertay et al.
27. Myers MP, Pass I, Batty IH, et al. The lipid phosphatase activity
of PTEN is critical for its tumor supressor function. Proc Natl
Acad Sci U S A. 1998;95(23):13513e13518.

28. Myers MP, Stolarov JP, Eng C, et al. P-TEN, the tumor sup-
pressor from human chromosome 10q23, is a dual-specificity
phosphatase. Proc Natl Acad Sci U S A. 1997;94(17):
9052e9057.

29. Sulis ML, Parsons R. PTEN: from pathology to biology. Trends
Cell Biol. 2003;13(9):478e483.

30. Leslie NR, Downes CP. PTEN function: how normal cells con-
trol it and tumour cells lose it. Biochem J. 2004;382(Pt 1):
1e11.

31. Sansal I, Sellers WR. The biology and clinical relevance of the
PTEN tumor suppressor pathway. J Clin Oncol. 2004;22(14):
2954e2963.

32. Maehama T, Dixon JE. The tumor suppressor, PTEN/MMAC1,
dephosphorylates the lipid second messenger, phosphatidyli-
nositol 3, 4, 5-trisphosphate. J Biol Chem. 1998;273(22):
13375e13378.

33. Klippel A, Kavanaugh WM, Pot D, et al. A specific product of
phosphatidylinositol 3-kinase directly activates the protein
kinase Akt through its pleckstrin homology domain. Mol Cell
Biol. 1997;17(1):338e344.

34. Ziemba BP, Pilling C, Calleja V, et al. The PH domain of
phosphoinositide-dependent kinase-1 exhibits a novel,
phospho-regulated monomer-dimer equilibrium with impor-
tant implications for kinase domain activation: single-
molecule and ensemble studies. Biochemistry. 2013;52(28):
4820e4829.

35. Manning BD, Cantley LC. AKT/PKB signaling: navigating
downstream. Cell. 2007;129(7):1261e1274.

36. Nakamura N, Ramaswamy S, Vazquez F, et al. Forkhead
transcription factors are critical effectors of cell death and
cell cycle arrest downstream of PTEN. Mol Cell Biol. 2000;
20(23):8969e8982.

37. Datta SR, Dudek H, Tao X, et al. Akt phosphorylation of BAD
couples survival signals to the cell-intrinsic death machinery.
Cell. 1997;91(2):231e241.

38. Mayo LD, Donner DB. A phosphatidylinositol 3-kinase/Akt
pathway promotes translocation of Mdm2 from the cytoplasm
to the nucleus. Proc Natl Acad Sci U S A. 2001;98(20):
11598e11603.

39. Inoki K, Li Y, Zhu T, et al. TSC2 is phosphorylated and
inhibited by Akt and suppresses mTOR signalling. Nat Cell
Biol. 2002;4(9):648e657.

40. Vander Haar E, Lee SI, Bandhakavi S, et al. Insulin signalling to
mTOR mediated by the Akt/PKB substrate PRAS40. Nat Cell
Biol. 2007;9(3):316e323.

41. Sekuli�c A, Hudson CC, Homme JL, et al. A direct linkage be-
tween the phosphoinositide 3-kinase-AKT signaling pathway
and the mammalian target of rapamycin in mitogen-stimu-
lated and transformed cells. Cancer Res. 2000;60(13):
3504e3513.

42. Dodd KM, Yang J, Shen MH, et al. mTORC1 drives HIF-1a and
VEGF-A signalling via multiple mechanisms involving 4E-BP1,
S6K1 and STAT3. Oncogene. 2015;34(17):2239e2250.

43. Luo JL, Tan W, Ricono JM, et al. Nuclear cytokine-activated
IKKa controls prostate cancer metastasis by repressing Mas-
pin. Nature. 2007;446(7136):690e694.

44. Sheng S, Qiao M, Pardee AB. Metastasis and AKT activation. J
Cell Physiol. 2009;218(3):451e454.

45. Diehl JA, Cheng M, Roussel MF, et al. Glycogen synthase ki-
nase-3beta regulates cyclin D1 proteolysis and subcellular
localization. Genes Dev. 1998;12(22):3499e3511.

46. Chalhoub N, Baker SJ. PTEN and the PI3-kinase pathway in
cancer. Annu Rev Pathol. 2009;4:127e150.

47. Salmena L, Carracedo A, Pandolfi PP. Tenets of PTEN tumor
suppression. Cell. 2008;133(3):403e414.
48. Lee YR, Chen M, Pandolfi PP. The functions and regulation of
the PTEN tumour suppressor: new modes and prospects. Nat
Rev Mol Cell Biol. 2018;19(9):547e562.

49. Agrawal S, Pilarski R, Eng C. Different splicing defects lead to
differential effects downstream of the lipid and protein
phosphatase activities of PTEN. Hum Mol Genet. 2005;14(16):
2459e2468.

50. Marsh DJ, Kum JB, Lunetta KL, et al. PTEN mutation spectrum
and genotype-phenotype correlations in Bannayan-Riley-
Ruvalcaba syndrome suggest a single entity with Cowden
syndrome. Hum Mol Genet. 1999;8(8):1461e1472.

51. Zhou X, Hampel H, Thiele H, et al. Association of germline
mutation in the PTEN tumour suppressor gene and Proteus
and Proteus-like syndromes. Lancet. 2001;358(9277):
210e211.

52. Marsh DJ, Coulon V, Lunetta KL, et al. Mutation spectrum and
genotype-phenotype analyses in Cowden disease and Ban-
nayan-Zonana syndrome, two hamartoma syndromes with
germline PTEN mutation. Hum Mol Genet. 1998;7(3):
507e515.

53. Molinari F, Frattini M. Functions and regulation of the PTEN
gene in colorectal cancer. Front Oncol. 2013;3:326.

54. Tan MH, Mester J, Peterson C, et al. A clinical scoring system
for selection of patients for PTEN mutation testing is proposed
on the basis of a prospective study of 3042 probands. Am J
Hum Genet. 2011;88(1):42e56.

55. Liaw D, Marsh DJ, Li J, et al. Germline mutations of the PTEN
gene in Cowden disease, an inherited breast and thyroid
cancer syndrome. Nat Genet. 1997;16(1):64e67.

56. Chow LML, Baker SJ. PTEN function in normal and neoplastic
growth. Cancer Lett. 2006;241(2):184e196.

57. Bazzichetto C, Conciatori F, Pallocca M, et al. PTEN as a
prognostic/predictive biomarker in cancer: an unfulfilled
promise? Cancers. 2019;11(4):435.

58. Trotman LC, Wang X, Alimonti A, et al. Ubiquitination regu-
lates PTEN nuclear import and tumor suppression. Cell. 2007;
128:141e156.

59. Mirmohammadsadegh A, Marini A, Nambiar S, et al. Epige-
netic silencing of the PTEN gene in melanoma. Cancer Res.
2006;66(13):6546e6552.

60. Garcı́a JM, Silva J, Peña C, et al. Promoter methylation of the
PTEN gene is a common molecular change in breast cancer.
Genes Chromosomes Cancer. 2004;41(2):117e124.

61. Lu J, Jeong HW, Kong N, et al. Stem cell factor SALL4 re-
presses the transcriptions of PTEN and SALL1 through an
epigenetic repressor complex. PLoS One. 2009;4(5):e5577.

62. Zhang HY, Liang F, Jia ZL, et al. PTEN mutation, methylation
and expression in breast cancer patients. Oncol Lett. 2013;6:
161e168.

63. Stambolic V, MacPherson D, Sas D, et al. Regulation of PTEN
transcription by p53. Mol Cell. 2001;8(2):317e325.

64. Moorehead RA, Hojilla CV, De Belle I, et al. Insulin-like growth
factor-II regulates PTEN expression in the mammary gland. J
Biol Chem. 2003;278(50):50422e50427.

65. Patel L, Pass I, Coxon P, et al. Tumor suppressor and anti-in-
flammatory actions of PPARg agonists are mediated via
upregulation of PTEN. Curr Biol. 2001;11(10):764e768.

66. Zhang W, Wu N, Li Z, et al. PPARg activator rosiglitazone in-
hibits cell migration via upregulation of PTEN in human hep-
atocarcinoma cell line BEL-7404. Cancer Biol Ther. 2006;5(8):
1008e1014.

67. Whelan JT, Forbes SL, Bertrand FE. CBF-1 (RBP-J kappa) binds
to the PTEN promoter and regulates PTEN gene expression.
Cell Cycle. 2007;6(1):80e84.

68. Xia D, Srinivas H, Ahn YH, et al. Mitogen-activated protein
kinase kinase-4 promotes cell survival by decreasing PTEN
expression through an NFkB-dependent pathway. J Biol
Chem. 2007;282(6):3507e3519.

http://refhub.elsevier.com/S2352-3042(23)00012-0/sref27
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref27
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref27
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref27
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref28
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref28
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref28
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref28
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref28
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref29
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref29
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref29
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref30
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref30
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref30
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref30
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref31
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref31
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref31
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref31
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref32
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref32
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref32
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref32
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref32
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref33
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref33
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref33
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref33
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref33
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref34
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref34
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref34
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref34
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref34
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref34
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref34
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref35
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref35
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref35
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref36
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref36
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref36
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref36
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref36
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref37
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref37
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref37
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref37
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref38
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref38
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref38
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref38
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref38
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref39
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref39
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref39
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref39
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref40
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref40
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref40
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref40
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref41
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref41
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref41
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref41
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref41
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref41
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref41
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref42
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref42
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref42
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref42
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref43
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref43
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref43
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref43
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref44
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref44
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref44
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref45
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref45
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref45
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref45
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref46
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref46
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref46
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref46
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref47
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref47
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref47
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref48
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref48
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref48
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref48
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref49
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref49
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref49
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref49
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref49
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref50
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref50
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref50
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref50
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref50
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref51
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref51
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref51
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref51
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref51
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref52
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref52
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref52
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref52
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref52
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref52
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref53
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref53
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref54
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref54
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref54
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref54
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref54
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref55
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref55
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref55
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref55
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref56
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref56
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref56
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref57
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref57
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref57
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref58
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref58
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref58
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref58
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref59
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref59
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref59
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref59
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref60
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref60
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref60
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref60
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref61
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref61
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref61
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref62
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref62
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref62
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref62
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref63
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref63
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref63
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref64
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref64
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref64
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref64
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref65
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref65
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref65
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref65
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref66
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref66
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref66
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref66
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref66
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref67
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref67
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref67
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref67
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref68
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref68
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref68
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref68
http://refhub.elsevier.com/S2352-3042(23)00012-0/sref68


Target PTEN-deficient cancers 2525
69. Mahimainathan L, Das F, Venkatesan B, et al. Mesangial cell
hypertrophy by high glucose is mediated by downregulation
of the tumor suppressor PTEN. Diabetes. 2006;55(7):
2115e2125.

70. Chow JYC, Quach KT, Cabrera BL, et al. RAS/ERK modulates
TGFb-regulated PTEN expression in human pancreatic
adenocarcinoma cells. Carcinogenesis. 2007;28(11):
2321e2327.

71. Hettinger K, Vikhanskaya F, Poh MK, et al. c-Jun promotes
cellular survival by suppression of PTEN. Cell Death Differ.
2007;14(2):218e229.

72. Lee JY, Kang MB, Jang SH, et al. Id-1 activates Akt-mediated
Wnt signaling and p27(Kip1) phosphorylation through PTEN
inhibition. Oncogene. 2009;28(6):824e831.

73. Song LB, Li J, Liao WT, et al. The polycomb group protein Bmi-
1 represses the tumor suppressor PTEN and induces epithelial-
mesenchymal transition in human nasopharyngeal epithelial
cells. J Clin Invest. 2009;119(12):3626e3636.
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