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Phosphatase and tensin homolog (PTEN) is a tumor suppressor that directly regulates a diverse
arrayof cellular phenotypes, including growth,migration,morphology, and genome stability.
How a single protein impacts so many important cellular processes remains a fascinating
question. This question has been partially resolved by the characterization of a slew of
missense variants that alter or eliminate PTEN’s various molecular functions, including its
enzymatic activity, subcellular localization, and posttranslational modifications. Here, we
reviewwhat is known about how PTEN variants impact molecular function and, consequent-
ly, cellular phenotype. In particular, we highlight eight informative “sentinel variants” that
abrogate distinct molecular functions of PTEN.We consider two publishedmassively parallel
assays of variant effect that measured the effect of thousands of PTEN variants on protein
abundance and enzymatic activity. Finally, we discuss how characterization of clinically
ascertained variants, establishment of clinical sequencing databases, and massively parallel
assays of variant effect yield complementary datasets for dissecting PTEN’s role in disease.

Phosphatase and tensin homolog (PTEN)
is a tumor suppressor that affects cellular

growth, morphology, and DNA repair (Box 1).
PTEN is 403 amino acids in length and has two
domains, an amino-terminal phosphatase do-
main and a carboxy-terminal “C2 domain”
with homology to tensin, a cytoskeleton-associ-
ated protein. Following the carboxy-terminal
domain, an approximately 50-residue unstruc-
tured region regulates PTEN activity. PTEN has
molecular functions at the plasma membrane,
cytoplasmic vesicles, and in the nucleus, includ-
ing lipid phosphatase activity against phospho-
inositol lipids; protein phosphatase activity
against membrane-associated and nuclear pro-

teins, and enigmatic nonenzymatic functions
that primarily regulate nuclear protein activity
(Box 1; Table 1).

Genetic variation in PTEN causes human
disease. PTEN is either somatically mutated or
deleted in ∼9% of all cancers. Germline PTEN
variation causes PTEN hamartoma syndrome
(PHTS), which is broadly characterized by mac-
rocephaly, benign growths called hamartomas,
and an increased risk of malignancy (Marsh
et al. 1999; Yehia et al. 2019). Interestingly,
many individuals with PHTS also have develop-
mental delay and/or autism spectrum disorder,
suggesting that PTEN also plays important roles
in neurodevelopment (Butler et al. 2005). The
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relationships between PTEN sequence, molecu-
lar function, structure, impact on cellular phe-
notype, and these clinical outcomes are only
partly understood. As such, it is challenging to
predict the effect of most clinically observed
PTEN variants on somatic cancer progression
or on the outcomes of patients carrying germ-
line PTEN variants.

Studies of PTEN missense variants have
helped resolve the relationships between molec-
ular function and cellular phenotypes, as the
resulting PTEN mutant proteins can lack indi-
vidual molecular functions. Such separation-of-
function variants specifically alter or abrogate
some protein function while preserving others.
Comparing the molecular and cellular effects of
separation-of-function variants can reveal how

particular protein domains, surface pockets, and
residues map to molecular functions and cellu-
lar phenotypes. Indeed, for the past 20 years,
biologists have leveraged such missense variants
to help dissect PTEN’s functionality.

Here, we review the impact of missense var-
iants on PTEN’s molecular functions and cellu-
lar phenotypes. We identify eight separation-of-
function “sentinel variants” that affect PTEN’s
enzymatic activities, subcellular localization,
and posttranslational modifications. We also
discuss what each variant has revealed about
the connections between PTENmolecular func-
tions and their effects on cellular phenotype.We
discuss how multiplex assays of variant effects
(MAVEs) are permitting the dissection of PTEN
variant functionality in a comprehensive man-

BOX 1. PTEN MOLECULAR FUNCTIONS AND THE CELLULAR PHENOTYPES THEY IMPACT

PTEN has both enzymatic and nonenzymatic molecular functions, acting as a lipid phosphatase, a
protein phosphatase, and a protein scaffold. Thesemolecular functionsmediate PTEN’s effects on cell
growth, morphology, migration, genome stability, and DNA repair. PTEN’s principal molecular
function is as a phosphatase. The amino-terminal domain contains a HCXXGXXR phosphatase
catalytic motif, which is capable of dephosphorylating both lipid and protein substrates (Myers
et al. 1997). The primary lipid target of PTEN is phosphoinositide-(3,4,5) phosphate (PIP3), an allo-
steric activator of the progrowth and prosurvival Akt/PKB pathway (Myers et al. 1998). PTEN’s protein
phosphatase activity shows broad target specificity, including (1)membrane associated proteins, such
as focal adhesion kinase (FAK) (Tamura et al. 1998) and protein tyrosine kinase 6 (PTK6) (Wozniak
et al. 2017); (2) nuclear proteins, such as cyclic AMP response element-binding protein (CREB) (Gu
et al. 2011); and (3) mitotic spindle-associated proteins, such as EG5 (He et al. 2016).

PTEN also has nonenzymatic molecular functions that involve direct interaction with and mod-
ulation of downstream protein effectors in the nucleus. Two clear examples of such scaffolding
activity have been reported. For example, PTEN’s interaction with the anaphase-promoting
complex, APC/C, increases its ubiquitination of various cell-cycle effectors (Song et al. 2011).
Furthermore, PTEN interacts with RPA1 via its amino-terminal phosphatase domain and promotes
RPA1 protein stability via recruitment of OTUB1 to collapsed replication forks (Wang et al. 2015).
Finally, PTEN’s carboxy-terminal unstructured region interacts with and inhibits PREX2, a guanine-
exchange factor that activates cell migration (Mense et al. 2015).

PTEN’s diverse array of molecular targets and interactions is matched by its effects on many
cellular phenotypes. PTEN knockout is associated with a number of cancer hallmarks, including
uncontrolled cell growth, increased tissue invasion, and genome instability. Themechanisms behind
each of these cellular phenotypes are multifaceted. For example, PTEN inhibits cell growth by
decreasing Akt/PKB signaling (Myers et al. 1998), by suppressing CREB transcriptional activation
(Gu et al. 2011), and by promoting APC/C complex activity (Song et al. 2011). It suppresses invasion
by dephosphorylating FAK, PTK6, and perhaps an unidentified lipid substrate; and by interactingwith
PREX2 (Tamura et al. 1998; Tibarewal et al. 2012; Mense et al. 2015; Wozniak et al. 2017). Finally,
PTEN promotes DNA repair by stabilizing RPA1 and inducing FANC-mediated DNA repair at col-
lapsed replication forks, among other uncharacterized mechanisms (Bassi et al. 2013; Wang et al.
2015; Vuono et al. 2016).
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ner. Finally, we examine how clinical sequenc-
ing and variant characterization have shed light
on the relationships between PTEN’s molecular
functions and human disease, and we highlight
clinically observed missense variants that merit
further study.

PTEN VARIANTS THAT AFFECT ENZYMATIC
ACTIVITY

Shortly after PTEN’s discovery as a tumor sup-
pressor, variants affecting PTEN’s phosphatase
catalyticmotif were noted in human cancers and
in patients with PHTS (Li et al. 1997; Liaw et al.
1997; Marsh et al. 1999). These observations
implied that PTEN’s phosphatase activity is im-
portant for its tumor suppressor function. How-
ever, PTEN has many potential phosphatase
substrates, including the lipid substrate phos-
phoinositide-(3,4,5) phosphate (PIP3), which
antagonizes the progrowth Akt/PKB pathway
(Myers et al. 1998), as well as diverse protein
substrates such as CREB (Gu et al. 2011), FAK
(Tamura et al. 1998; Hu et al. 2014; Zhang et al.
2014), and PTK6 (Wozniak et al. 2017). To bet-
ter understand which substrates are important
for PTEN’s tumor suppressive capability, PTEN
mutants that abrogate specific catalytic func-
tions were characterized (Myers et al. 1998; Da-
vidson et al. 2010). Three such mutants are of
particular interest: G129E, Y138L, and C124S.
These mutants selectively abrogate PTEN lipid

phosphatase activity, protein phosphatase activ-
ity, or both activities, respectively (Table 2).

Experiments with G129E, Y138L, and
C124S revealed that PTEN’s lipid phosphatase
activity is critical for suppression of cell growth.
This conclusion is based on three distinct assays
for PTEN lipid phosphatase activity: in vitro
activity against PIP3, in vivo assessment of
PIP3 levels, and in vivo assessment of phos-
pho-AKT/PKB levels. Wild-type PTEN and
the Y138L mutant, which both possess lipid
phosphatase activity in vitro, suppressed phos-
pho-AKT/PKB levels and cellular growth in cell
culture models (Davidson et al. 2010). However,
the G129E and C124S mutants, which lack in
vitro PIP3 phosphatase activity, did not sup-
press PIP3 levels in vivo or inhibit cell growth
(Myers et al. 1998; Stambolic et al. 1998). Thus,
PTEN hydrolysis of PIP3 leads to inhibition of
the progrowth PI3K-AKT/PKB pathway be-
cause PIP3 is an allosteric activator of PI3K.
Importantly, subsequent work revealed that sta-
ble mutants without lipid phosphatase activity
can also dimerize with and suppress the lipid
phosphatase activity of wild-type alleles in a
dominant negative manner (Papa et al. 2014).

Although loss of PTEN protein phosphatase
activity does not affect cell growth, further stud-
ies of cells expressing the G129E mutant re-
vealed that it can regulate cellular morphology
and migration. For example, expression of this
protein-phosphatase competent mutant inhib-

Table 1. PTEN molecular functions and impacted cellular phenotypes

Molecular function Molecular target(s) Cellular phenotype References

Lipid phosphatase PIP3 ↓ Cell growth and survival
↓ Migration
↓ Cell spreading

Myers et al. 1998; Davidson
et al. 2010; Tibarewal et al.
2012

Protein phosphatase PTK6, FAK ↓ Migration
↓ Cell spreading

Tamura et al. 1998; Wozniak
et al. 2017

CREB ↓ Transcription of growth-
related genes

Gu et al. 2011

FANC proteins? ↑ DNA repair Bassi et al. 2013; Vuono et al.
2016

Nonenzymatic
(scaffolding)

APC/C ↑ Delay of G1-S transition Song et al. 2011
PREX2 ↓ Migration Mense et al. 2015
RPA1, OTUB1 ↑ RPA1-mediated resolution

of stalled replication forks
Wang et al. 2015

Genetic Variants and PTEN Functions
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ited glioblastoma cell line spreading on fibro-
nectin (Tamura et al. 1998) and inhibited the
migration and invasion of various cell lines (Gil-
dea et al. 2004; Davidson et al. 2010; Mense et al.
2015). Mechanistically, these effects appear to
be mediated by dephosphorylation and conse-
quent inactivation of FAK and PTK6, which are
kinases implicated in focal adhesion formation
and invasion (Tamura et al. 1998; Zhang et al.
2014;Wozniak et al. 2017). Because G129E lacks

lipid phosphatase activity, these studies suggest-
ed that PTEN’s protein phosphatase activity in-
hibits cell morphology and migration.

However, studies of the C124S and Y138L
variants reveal that PTEN’s role in controlling
invasion is complex, context-dependent, and
not solely dependent on its protein phosphatase
activity. For example, the C124S and Y138Lmu-
tants partially suppressed invasion of breast can-
cer and glioblastoma cell lines, respectively (Da-

Table 2. Separation of enzymatic function variants

Variant

Lipid
phosphatase
activity in

vitro

PKB
suppression

in vivo

Protein
phosphatase

activity

Cell
growth

inhibition
Migration
suppression

DNA
repaira References

Wild-type + + + + + + Myers et al. 1998;
Gildea et al.
2004; Davidson
et al. 2010; Bassi
et al. 2013;
Vuono et al.
2016

Y138Lb + + − + +/− − Davidson et al.
2010; Tibarewal
et al. 2012;
Vuono et al.
2016

G129Eb − − + − +/− + Myers et al. 1998;
Gildea et al.
2004; Davidson
et al. 2010; Bassi
et al. 2013;
Vuono et al.
2016

C124Sb − − − − +/− − Myers et al. 1998;
Gildea et al.
2004; Davidson
et al. 2010; Bassi
et al. 2013;
Vuono et al.
2016

Y138C + + − + NS NS Tibarewal et al.
2012

M134L − − + − NS NS Myers et al. 1998;
Han et al. 2000

Included are thermodynamically stable PTEN mutants for which both lipid and protein phosphatase activities have been
measured. Wild-type, Y138L, G129E, and C124S are commonly used in PTEN studies.

NS, not studied.
aDNA repair capabilities as reported by Bassi et al. (2013) and Vuono et al. (2016).
bSentinel variant.
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vidson et al. 2010; Tibarewal et al. 2012; Mense
et al. 2015). Furthermore, Y138L prevented the
spread of a glioblastoma cell line grown on col-
lagen IV to a greater extent than G129E, indi-
cating that the lipid phosphatase activity is more
important than the protein phosphatase activity
in this context (Davidson et al. 2010). These
results suggest that the lipid phosphatase activ-
ity is capable of impacting the morphology and
migration, perhaps by modulation of PIP3 gra-
dients or a signaling pathway that is activated by
PIP3 or a related lipid (Davidson et al. 2010).
Interestingly, the PTEN C124S mutant also im-
pacted breast cancer cell line migration via in-
teraction with and inactivation of PREX2
(Mense et al. 2015). More experiments are re-
quired to fully understand the relative impor-
tance and context-dependence of the protein
and lipid phosphatase activities in enacting
changes to cellular shape and invasion.

Studies of PTEN variants have found that
PTEN’s protein phosphatase function also pro-
motes DNA repair. For example, enzymatically
dead C124S was unable to induce a BRCA1-,
53BP1-, and RAD51-associated DNA damage
response and, consequently, did not promote
repair of dsDNA breaks in a cell culture model.
However, the protein phosphatase competent
G129E mutant could still do so (Bassi et al.
2013). Similarly, the protein phosphatase null
Y138L mutant could not recruit FANC proteins
to interstrand cross-links to enact DNA repair in
murine fibroblasts and HeLa cells, but the
G129E mutant could (Vuono et al. 2016).
Thus, PTEN’s protein phosphatase function ap-
pears to coordinate the activity of many DNA
repair-related proteins, including FANC pro-
teins, BRCA1/2, and 53BP1, although themech-
anism remains a mystery.

Some PTEN nuclear functions do not re-
quire any enzymatic activity at all. For example,
C124S, which is enzymatically inactive, promot-
ed rescue of stalled replication forks via interac-
tion with RPA1 in a colon cancer cell line
(Wang et al. 2015). This “scaffolding function”
was also noted by Song and colleagues, who
reported that C124S was still able to delay the
G1-S transition by interacting with APC/C in
murine fibroblasts and cancer cell lines (Song

et al. 2011). Thus, PTEN appears to function
as a protein phosphatase and a protein scaffold
as it fulfills its diverse nuclear roles. The role
of the lipid phosphatase in the nucleus
merits further study, perhaps by assaying the
Y138L variant for its effects on PTEN’s nuclear
functions.

The studies of PTEN function highlighted
here mostly compared the effects of one or two
PTEN variants to wild-type. To better under-
stand how enzyme activity affects function, fu-
ture studies might benefit from including at least
three variants: C124S (enzymatically null),
G129E (lipid-phosphatase null), and Y138L
(protein-phosphatase null). We recommend in-
clusion of these three variants because PTEN-
related cellular phenotypes can depend on
just one activity (e.g., AKT/PKB-mediated cell
growth), neither (e.g., G1-S transition), or both
(e.g., cell migration; Table 2). One area of partic-
ularconfusion is cellularmigrationand invasion,
in which different conclusions have been drawn
regarding the relative importance of each phos-
phatase activity (Gildea et al. 2004; Davidson
et al. 2010; Tibarewal et al. 2012; Mense et al.
2015). These conflicts may result from differ-
ences in cell line or assay conditions, and
additional studies that investigate the context-
dependence of PTEN enzyme activity on cell
migration are needed.

PTEN VARIANTS THAT AFFECT
SUBCELLULAR LOCALIZATION

The subcellular localization of PTENcontrols its
access to lipid and protein substrates. PIP3 and
at least two of PTEN’s protein phosphatase tar-
gets, FAK and PTK6, are localized to the plasma
membrane (Schaller et al. 1992; Ie Kim and Lee
2009). Furthermore, PTEN interacts with and
dephosphorylates protein targets in the nucleus.
Reflecting the importance of PTEN localization
on its molecular functions, investigators have
found and characterized variants that preclude
PTEN localization to the plasma membrane
and nuclear compartments. These variants
have helped reveal the relationships between
PTEN’s subcellular distribution and its impact
on cellular phenotypes.

Genetic Variants and PTEN Functions
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PTEN associates spontaneously with mem-
branes without requiring protein–protein inter-
actions or posttranslational modification with
lipid moieties. The crystal structure of PTEN
revealed a number of hydrophobic and basic
regions that are likely involved in membrane
binding (Fig. 1). These regions are located on
the active-site face of PTEN, which presumably
must interact directly with the membrane to ac-
cess its lipid substrate. The membrane binding
regions include the CBR3 loop (positions 263–
269), the cα2 element (positions 327–335), the
WPD loop of the active site (positions 90–93),
and the TI loop (positions 161–164) (Fig. 1; Lee
et al. 1999). Subsequent studies based on the
structure showed thatmutations in these regions
led to decreasedmembrane binding in vitro, in a
slime mold model, and in cell culture (Das et al.
2003; Nguyen et al. 2014b, 2015).

Additionalmutagenesis studies revealednew
residues necessary for lipid substrate binding
and verified that loss of PTEN membrane local-
ization results in loss-of-growth inhibition. For
example, mutation of four amino-terminal basic
residues to alanine resulted in a 76-fold decrease
in PTEN’s affinity for lipid vesicles in vitro and
decreased plasma membrane localization in cell

culture (Das et al. 2003). Two individual muta-
tions affecting these positions, R14A and R15A,
were subsequently found to decrease PTEN
membrane localization in cell culture and severe-
ly reduce its in vitro lipid phosphatase activity
(Han et al. 2000; Nguyen 2014b). Interestingly,
some cancer-associated mutations in the amino
terminus (e.g., S10N) and the phosphatase
domain (e.g., G20E, L42R, F90S) yielded com-
petent PIP3 phosphatases in vitro but compro-
mised membrane localization and Akt/PKB
pathway inhibition in cells (Table 3; Han et al.
2000; Nguyen et al. 2015). This suggests that the
in vitro PIP3 phosphatase assay will not reflect
phosphatase activity in vivo if the PTENmutant
cannot localize to the membrane.

Membrane-binding defective PTEN mu-
tants also lose access to membrane-localized
protein substrates. Nguyen and colleagues
showed that the cancer-associated, lipid-bind-
ing defective S10N, G20E, L42R, and F90S mu-
tants also lost the ability to suppress breast can-
cer cell transwell migration (Nguyen et al.
2015). Two of PTEN’s protein phosphatase tar-
gets thought to be involved in cell migration,
FAK and PTK6, are membrane localized, poten-
tially explaining this observation (Schaller et al.
1992; Ie Kim and Lee 2009). Notably, S10N,
G20E, and F90S (but not L42R) also caused in-
creased nuclear localization in a slime-mold
model (Nguyen et al. 2015). However, the effect
of these mutants on DNA repair and chromo-
some stability has not been evaluated andmerits
further study.

In addition to the numerous regions that
drive PTEN membrane localization, there ap-
pears to be a region important for maintaining
wild-type levels of PTEN in the cytoplasm. Mu-
tants of positions 19–25 were found in tumors
and result in constitutive PTENnuclear localiza-
tion in HEK293Ts. One of these mutants, F21A,
showed wild-type-like lipid phosphatase activity
in vitro, but lost almost all lipid phosphatase ac-
tivity in vivo, as measured by AKT/PKB signal-
ing and glioblastoma cell line growth (Denning
et al. 2007). Importantly, how these variants
cause nuclear localization is unknown; positions
19–25 may constitute a noncanonical nuclear
export sequence, or the mechanism might in-

CBR3 loop
cα2 element

CLS
TI loop

WPD
loop

Figure 1. PTEN residues that affect subcellular local-
ization. PTEN (PDB: 1D5R) interfaces with themem-
brane at the top of the structure. Residues colored in
red are necessary for membrane binding and locali-
zation. Mutation of the blue residues result in in-
creased nuclear localization. CLS, cytoplasmic local-
ization sequence (Denning et al. 2007). (Structure
from Lee et al. 1999.)
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volve increased ubiquitination, sumoylation, and/
or tyrosine phosphorylation. Furthermore, the
effects of these nuclear-localized mutants on
cellular migration and DNA repair is unclear.

For future studies of PTEN’s effects on cell
biology, we recommend including the cancer-
associated, membrane-binding defective L42R
and nuclear-localized F21Amutants. Thesemu-
tants appear to be stable, show lipid phosphatase
activity in vitro, and are not known to affect
posttranslational modification. Thus, these sep-
aration-of-function variants appear tomodulate
PTEN’s localization rather than its catalytic
activity. As such, the downstream effects of
PTEN’s dissociation from the membrane and
constitutive localization to the nucleus can be
studied by comparing the phenotypes of cells
expressing the L42R and F21A sentinel variants
to wild-type PTEN.

PTEN VARIANTS THAT AFFECT
POSTTRANSLATIONAL MODIFICATIONS

The L42R and F21A variants discussed above
appear to affect localization of PTEN in a
constitutive manner. However, PTEN is also

subject to dynamic regulation of its localization
by posttranslational modifications (PTMs),
including serine/threonine phosphorylation,
tyrosine phosphorylation, ubiquitination, and
sumoylation (Fig. 2). These PTMs regulate
PTEN stability and activity in addition to local-
ization, and they may perform additional roles
such as regulating protein–protein interactions.
PTEN missense variants that preclude post-
translational modification have helped reveal
the molecular and cellular consequences of
PTEN regulation by PTMs (Table 4).

PTEN’s activity, membrane localization,
and stability are all regulated by phosphoryla-
tion of its carboxy-terminal tail. Glycogen syn-
thase kinase 3β and casein kinase were found to
be responsible for these phosphorylation events
(Torres and Pulido 2001; Al-Khouri et al. 2005),
which in cell culture models resulted in a closed
conformational state that could not bind the
membrane, showed increased stability, and did
not have lipid phosphatase activity (Vazquez
et al. 2000; Das et al. 2003; Odriozola et al.
2007; Rahdar et al. 2009). Mutation of two of
these phosphorylated residues to alanine
(T366A/S370A) increased PTEN-mediated

Table 3. Separation of localization function variants

Variant

Lipid
phosphatase

activity in vitro

PKB
suppression

in vivo
Membrane
localization

Cytoplasmic
localization

Nuclear
localization References

Wild-
type

+ + + + + Myers et al. 1998;
Das et al. 2003

L42Ra + − − + + Han et al. 2000;
Nguyen et al.
2015

F21Aa + − − − ++ Denning et al. 2007
S10N + − − + ++ Han et al. 2000;

Nguyen et al.
2015

G20E + − − + ++ Han et al. 2000;
Nguyen et al.
2015

F90S NS − − + ++ Han et al. 2000;
Nguyen et al.
2015

R14A NS NS − + NS Nguyen et al. 2015
R15A NS NS − + NS Nguyen et al. 2015

NS, not studied.
aSentinel variant.

Genetic Variants and PTEN Functions
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inhibition of AKT/PKB signaling in Jurkat cells,
presumably by preventing this inactive con-
formational state (Al-Khouri et al. 2005). Con-
cordantly, a second set of phosphorylation sites
between residues 380 and 385 was identified,
and mutation of four serine and threonine res-
idues within this region to alanine (the “A4”
variant) increased plasma membrane localiza-
tion, increased in vivo lipid phosphatase activity,
and reduced steady state PTEN abundance in
various cell lines (Vazquez et al. 2000; Das
et al. 2003; Rahdar et al. 2009; Nguyen et al.
2014b). Interestingly, PTEN may dephosphory-
late itself at position 383, opening its conforma-
tion and permitting its interaction with and
inhibition of invasion-promoting PREX2 (Raf-
topoulou et al. 2004; Zhang et al. 2012; Mense
et al. 2015).

PTEN is also regulated by tyrosine phos-
phorylation of its C2 domain, where both
SRC- and PDGFR-family kinases phosphory-
late PTEN on residues Y240 and Y315 (Koul
et al. 2002; Nathanson et al. 2012). Y240F or
Y315F mutants isolated from U251 glioma cells
showed lower lipid phosphatase activity in vitro,
suggesting that tyrosine phosphorylation is re-
quired for wild-type activity (Koul et al. 2002).
However, loss of Y240 phosphorylation comes
at a cost for cancer cells: this PTM was required
for PTEN’s role in DNA damage repair, and
cells expressing Y240F were more sensitive to
DNA damaging agents than their wild-type
counterparts (Ma et al. 2019). Consistent with
these findings, the majority of nuclear-localized

PTEN, which carries out PTEN’s DNA repair
promoting functions, were phosphorylated at
Y240. Furthermore, ionizing radiation increased
both the degree of PTEN Y240 phosphorylation
and the amount of nuclear PTEN in glioma cell
lines (Ma et al. 2019). These studies suggested
that Y240/Y315 phosphorylation of PTEN is
important in shifting its localization and activity
from the cytoplasm to the nucleus.

Like phosphorylation, PTEN sumoylation
has been implicated in regulation of PTEN lo-
calization, with critical consequences for PTEN
activity at the plasma membrane and in the nu-
cleus. PTEN was found to be sumoylated on
residues K254 and K266, and mutation of these
residues to sumoylation-incompetent arginine
decreased membrane localization, decreased
lipid phosphatase activity, and increased an-
chorage-dependent growth of an osteosarcoma
line, compared with wild-type PTEN (Huang
et al. 2012). Indeed, molecular dynamics simu-
lations suggested that sumoylation improves
membrane localization via SUMO1-mediated
electrostatic interactions with the lipid bilayer
(Huang et al. 2012). The K254R mutant has
additional defects: decreased nuclear localiza-
tion in HEK293T cells and lower DNA repair
induction after DNA damage in various cell
lines, compared with wild-type (Bassi et al.
2013; Vuono et al. 2016). Like tyrosine phos-
phorylation, loss of sumoylation can result in
both lipid-phosphatase and DNA repair defects.

Ubiquitination is a third PTM that regulates
PTEN localization and function. Ubiquitinated

Phosphatase domain C2 domain
Carboxy-

terminal tail

Ub

K13

Ub

K289

Su

K254

P

Y240

P

Y315

Px2

T366
S370

Px4

S380
T382
T383
S385

Figure 2. PTEN posttranslational modifications. Ub, ubiquitination; Su, sumoylation; P, phosphorylation; Px2,
Px4, residues that are cophosphorylated (Vazquez et al. 2000; Al-Khouri et al. 2005).
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PTEN was discovered after gastrointestinal pol-
yp biopsy of a PHTS patient carrying a germline
K289E variant showed loss of nuclear PTEN.
Characterization of this residue revealed that it
is ubiquitinated by NEDD4-1, a membrane-lo-
calized ubiquitin ligase, and that loss of mono-
ubiquitination in K289E resulted decreased of
PTEN nuclear import (Trotman et al. 2007).
Residue K13 was also found to be ubiquitinated
and excluded from the nucleus in 293 cells if
mutated to glutamate (Trotman et al. 2007;
Wang et al. 2007). Furthermore, both mutants
had a decreased capacity to delay the G1-S tran-
sition in PC-3 cells under normal growth con-
ditions caused by an inability to interact with the
nucleus-localized, tumor-suppressive APC/C
complex (Song et al. 2011). NEDD4-1 could
also polyubiquitinate PTEN at K289 and K13,
and perhaps other sites, which led to protein
degradation (Trotman et al. 2007). Polyubiqui-
tination occurs less frequently than monoubi-
quitination for wild-type PTEN, but increased
concentrations of NEDD4-1 or PTEN mutants
missing the carboxy-terminal tail increased the
degree of NEDD4-1 polyubiquitination and led
to PTEN degradation (Wang et al. 2007). Thus,
like tyrosine phosphorylation and sumoylation,
ubiquitination affects the nuclear functions of
PTEN.Additionally, ubiquitination is an impor-
tant determinant of PTEN stability.

In conclusion, mutagenesis studies have re-
vealed that PTEN PTMs can change the locali-
zation, enzymatic targets, or stability of PTEN,
either individually or simultaneously. For exam-
ple, loss of serine/threonine phosphorylation at
residues 380–385 in the A4 variant decreases
stability, increases membrane localization, and
increases lipid phosphatase activity of PTEN.
One outstanding question is how various
PTMs cross talk with each other, particularly
in relation to PTEN’s nuclear localization, inter-
action with APC/C, and induction of DNA re-
pair. Y240F (tyrosine phosphorylation-defi-
cient), K254R (sumoylation-deficient), and
K289E (ubiquitination-deficient) all appear to
result in loss of nuclear PTEN. Is this because
all three modified residues are necessary for nu-
clear localization? If so, are all nuclear functions
of PTEN defective in each of these mutants?

Furthermore, the protein phosphatase activity
and the effects of these mutants on migration
have not been tested. More studies involving
these three mutants will be required to better
understand the relationships between PTEN
PTMs, PTEN-induced DNA repair, and
PTEN–APC/C interactions.

USING HIGH-THROUGHPUT
MUTAGENESIS TO CHARACTERIZE PTEN
VARIANTS

The traditional biochemical and cellular exper-
iments described above have each focused on a
handful of PTEN variants for a subset of activ-
ities. Unfortunately, assay conditions for these
one-at-a-time approaches often differ between
laboratories, which restricts the ability to com-
pare variants directly, and performing them on
more than several variants is laborious. MAVEs
are powerful tools for comprehensively deter-
mining how changes to protein sequence affect
protein function, which can be correlated with
cell and disease phenotypes (Gasperini et al.
2016; Starita et al. 2017). MAVEs enable the
simultaneous assessment of thousands of ge-
netic variants in a single experiment. Recently,
MAVEs were used to assess two complementary
properties of PTEN: lipid phosphatase function
within yeast (Mighell et al. 2018) and intracel-
lular abundance in human-derived cell lines
(Matreyek et al. 2018). By testing thousands of
possible PTEN missense variants, these studies
yielded new insights into the relationship be-
tween PTEN’s sequence, structure, and func-
tion.

Mighell et al. adapted a humanized yeast
model to assess PTEN lipid phosphatase activity
at high throughput (Mighell et al. 2018). Expres-
sion of the human PI3K catalytic subunit p110
inhibits yeast cell proliferation, which can be
rescued by the phosphatase activity of human
PTEN (Rodríguez-Escudero et al. 2005). This
assay was previously used to functionally char-
acterize dozens of PTEN variants (Andrés-Pons
et al. 2007; Rodríguez-Escudero et al. 2011).
Mighell et al. incorporated a site-saturation mu-
tagenesis library of PTEN into yeast and used
high-throughput sequencing to measure the
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growth effects of each variant in the library in
parallel. Of the 6564 missense variants that were
scored with high confidence, 1789 variants
showed activities below the range of scores ob-
served for synonymous variants. Of these, 1249
had extremely low activities similar nonsense
variants, with the remaining 540 variants show-
ing an intermediate phenotype.

We developed variant abundance by mas-
sively parallel sequencing, or VAMP-seq (Ma-
treyek et al. 2018), by fusing a library of PTEN
single missense variants to EGFP. We used this
assay to assess how each fused PTEN mutant
altered EGFP levels and thus PTEN abundance.
We assessed 4112 single-amino-acid mutants of
PTEN, identifying 1138 mutants with clear loss
of intracellular abundance. Thermodynamic
stability appeared to be a major correlate for
PTEN intracellular abundance, as a large subset
of loss-of-abundance variants perturbed hydro-
phobic residues present within the core regions
of each domain or at residues making hydrogen
bonds in the PTEN crystal structure.

The results of these MAVEs are consistent
with previous literature. For example, many var-
iants altering PTEN’s catalytic motif caused loss
of lipid phosphatase activity in the yeast func-
tional assay, but no change in steady state abun-
dance. Variants abrogating serine/threonine
phosphorylated sites in the carboxy-terminal
tail, such as S385A, showed increased activity
and reduced abundance, as expected. Nonethe-
less, these MAVEs also come with some caveats;
for example, the K254R and K266R sumoyla-
tion-defective variants do not show reduced lip-
id phosphatase activity in the yeast assay, as
would be expected. This may be because of the
lack of a PTEN sumoylase ortholog in yeast.

MAVEs provide a comprehensive and nu-
anced understanding of how PTEN variants af-
fect its molecular functions. For example, not all
changes to the catalytic loop completely abro-
gated lipid phosphatase function, as computa-
tional approaches might predict. Furthermore,
there were many active site mutants that showed
normal abundance yet were completely inactive;
these may represent dominant negatives that act
in a similar manner to C124S and G129E (Papa
et al. 2014). As more PTEN MAVEs are com-

pleted, we expect that additional subtleties re-
garding PTEN’s sequence–structure–function
relationships will come to light.

FUNCTIONAL IMPACTS OF CLINICALLY
OBSERVED PTEN VARIANTS

The analysis of clinical samples containing
PTEN variants has helped elucidate the molecu-
lar and cellular mechanisms underlying PTEN-
related disease. For example, when PTEN was
discovered, variants of its catalytic motif se-
quence (e.g., G129R, M134L) were noted in di-
verse cancer types (Li et al. 1997;Liawet al. 1997).
Secondly, comparison of the germline variants
associated with severe versus mild PHTS re-
vealed that severe variants are often stable and
catalytically inactive, whereas mild variants re-
tain partial activity (Rodríguez-Escudero et al.
2011; Spinelli et al. 2015; Leslie and Longy
2016). Finally, Trotman et al. (2007) observed
decreased PTEN nuclear localization after loss
of heterozygosity in hamartomatous polyps in a
patient with PHTS, which led to the discovery of
the K289 ubiquitination site. These studies show
that examination of uncharacterized patient var-
iants has been and will continue to be vital for
furthering our understanding of PTEN biology.

The application of exome and genome se-
quencing to human cancer and the diagnosis of
genetic disorders is yielding a plethora of new
clinical variant information. cBioPortal and
ClinVar are databases that catalog somatic var-
iants in cancer and germline variants in patients
with PHTS, respectively (Cerami et al. 2012;
Landrum et al. 2018; Mester et al. 2018). The
relative prevalence of somatic PTEN variants
in tumors and germline variants in patients
with PHTS in these databases offer clues to re-
gions of PTEN that have important functions.
Indeed, 27% of all PTEN missense variants re-
ported in the cBioPortal MSK-IMPACT cohort
(Schrader et al. 2016) and 18% of PTEN variants
in ClinVar are located in the phosphatase cata-
lytic motif, which constitutes 2% of the PTEN’s
length. Furthermore, the carboxy-terminal tail
comprises 13% of PTEN’s length, but only 1.3%
of the missense variants reported in cancer ge-
nomes are in the tail, consistent with the tail’s
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role in inhibiting PTEN access to PIP3 substrate
at the plasma membrane (Vazquez et al. 2000;
Das et al. 2003; Rahdar et al. 2009; Nguyen et al.
2014b).

Despite the use of single-variant studies that
arise from clinical observation, most clinically
reported variants have little functional data.
Variants altering two positions, R130 and
R173, show particularly high prevalence in clin-
ical sequencing databases and have yet to be fully
characterized. Arginine 130 is located within
PTEN’s HCXXGXXR catalytic motif and the
MSK-IMPACT data shows that it comprises a
staggering 65% of all missense variants in this
region (Schrader et al. 2016). R130 variants are
fairly stable (Spinelli et al. 2015; Matreyek et al.
2018), lack lipid phosphatase activity (Han et al.
2000; Mighell et al. 2018), and can exert domi-
nant negative effects (Papa et al. 2014), just like
G129E and C124S variants. However, these sim-
ilarities do not explain why R130 variants are so
much more common than C124 or G129 vari-
ants in cancer. Rather, it is likely that CpG di-
nucleotides, which constitute the first two dinu-
cleotides of the R130 codon, are subject to
higher mutation rates resulting from deamina-
tion. Given their high prevalence in cancers, ad-
ditional work is needed to characterize the func-
tional attributes and cellular consequences of
R130 variants.

The PTEN codon encoding R173 is similarly
susceptible to deaminationmutations; suchmu-
tations constitute 8% of all somatic PTEN mis-
sense variants in cancer (Schrader et al. 2016)
and have been repeatedly observed in patients
with PTEN hamartoma tumor syndrome. The
resulting PTEN mutants have reduced but not
absent lipid phosphatase activity in Mighell and
colleagues’ yeast-based functional assay, sug-
gesting that they have altered function. In the
PTEN crystal structure, R173 is located in a helix
with the TI-loop, an important determinant of
phosphatase active site structure. This helix, and
R173 in particular, also interacts with the C2
domain (Lee et al. 1999). Thus, the crystal struc-
ture suggests that R173 variants may affect the
structure of the active site and/or interactions
between the phosphatase and C2 domains. In-
deed, a structural analysis of disease-associated

residues suggested that R173 forms part of an
allosteric network that dictates PTEN confor-
mation (Smith et al. 2019). However, specific
functional data on R173 mutants, including
their protein phosphatase activities, localization,
and effects on DNA repair, are lacking.

Before the publication of PTEN-specific
MAVEs, the biochemical consequences of
most clinically ascertained variants—not just
those affecting R130 and R173—in PTEN were
unknown. Molecular functional data represents
a critical evidence type for the clinical interpre-
tation of variants and can help classify clinically
ascertained variants as benign or pathogenic
(Richards et al. 2015; Mester et al. 2018). We
reported that PHTS-related PTEN pathogenic
germline variants in ClinVar were enriched in
low-abundance variants, with >80% of scored
pathogenic variants being low or possibly low
in abundance (Matreyek et al. 2018). Similarly,
Mighell et al. (2018) found that 60% of known
pathogenic PTEN variants had enzyme activity
scores below the upper fifth percentile of the
nonsense variant score distribution, corre-
sponding to a positive predictive value of 98%.
They also found that germline variants associat-
ed with autism spectrum disorder had hypo-
morphic activity scores, supporting a previous
hypothesis linking PTEN phosphatase activity
with phenotype (Leslie and Longy 2016).

Given the success of these studies in predict-
ing pathogenicity, the ClinGen PTEN expert
panel has provided guidelines for how to incor-
porate MAVE-generated data into clinical inter-
pretation of variants (Mester et al. 2018). As
PTEN’s lipid phosphatase activity appears to
be most closely correlated with tumorigenesis,
they recommend that functional assays measur-
ing this molecular function, such as the yeast
assay published by Mighell et al., provide the
strongest evidence for pathogenicity. Examina-
tion of other biochemical deficits, such as loss of
protein phosphatase activity, decreased abun-
dance, or change in subcellular distribution, is
also recommended to help determine whether
or not a PTEN variant is pathogenic.

Although the two published MAVEs of
PTEN have documented accuracy for classifying
clinically ascertained germline PTEN variants,
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they only examine two aspects of PTEN biology:
steady-state abundance and lipid phosphatase
activity. PTEN’s protein phosphatase activity
and its effects on DNA repair, morphology,
and migration may also be clinically relevant.
For example, a mere 2% of the 293 missense
PTEN missense variants in the MSK-IMPACT
study, which sequenced a diverse array of cancer
types, have been characterized according to their
effect on DNA repair (Schrader et al. 2016).
Given that DNA damaging agents are standard
of care for many PTEN-mutant tumors, a
MAVE focused on DNA repair could be of clin-
ical use (Lin et al. 2014). MAVEs for invasion
and neuronal morphology could be similarly
useful for predicting metastasis (Gildea et al.
2004; Bucheit et al. 2014; Cai et al. 2015) and
autism spectrum disorder (Haws et al. 2014;
Spinelli et al. 2015), respectively.

CONCLUDING REMARKS

Missense variants have been critical tools for
understanding the complex relationships be-
tween PTEN’s amino acid sequence, molecular
functions, and cellular effects. Here, we identify
eight variants that offered key insights into
PTEN by altering molecular functions in
unique, defined ways (Table 5). Three of these
variants (Y138L, G129E, and C124S) abrogate
protein phosphatase activity, lipid phosphatase
activity, or both activities. These enzyme activity
separation-of-function variants have been
shown to impact multiple cellular phenotypes,
which can occur in a context dependent man-
ner, highlighting the complexity of PTEN func-
tion. The remaining five variants appear to affect
constitutive subcellular localization (L42R,
F21A) or posttranslational modification
(K254R, K289E, and Y240F). In contrast to the
enzyme activity variants, the mechanism by
which these variants affect migration and
DNA repair has not been studied in detail; un-
derstanding their effects may shed light on how
PTEN affects these critical cellular processes.

When studied together, separation of func-
tion variants allowed experimentalists to deter-
mine how cellular phenotypes correlate with
particular PTEN enzymatic activities, subcellu-

lar distributions, or posttranslational modifica-
tions. For example, much of PTEN’s role in
DNA repair requires both protein phosphatase
activity and nuclear localization, suggesting that
PTEN’s dephosphorylation of nuclear protein
substrates is mechanistically critical. Use of
these variants is not without caveats, however;
insights based on these variants assume that
each variant is deficient for a defined set of mo-
lecular functions, but none have been exhaus-
tively characterized. Furthermore, as new PTEN
molecular functions are characterized, this list
will undoubtedly need to be updated.

Biochemical characterization of clinically
ascertained PTEN variants have been critical
for our understanding of PTEN’s molecular
functions and cellular phenotypic effects. As
such, further characterization of disease associ-
ated R130 and R173 variants may yield new in-
sights into PTEN’s role in disease. Looking for-
ward, the prevalence of missense variants in
sequencing databases will be a valuable source
of information to combine with high-through-
put variant characterization. By expanding the
repertoire of PTENMAVEs, dissection of PTEN
along its many axes of function will become
possible. In turn, these datasets will hopefully
resolve many variants of unknown significance,
aid cancer risk predictions in patients with
germline PTEN variants and help provide can-
cer patients with accurate prognoses and effica-
cious therapies.
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