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Abstract Proteoforms are specific molecular forms of
protein products arising from a single gene that possess
different structures and different functions. Therefore, a
single gene can produce a large repertoire of proteoforms
by means of allelic variations (mutations, indels, SNPs),
alternative splicing and other pre-translational mechanisms,
post-translational modifications (PTMs), conformational
dynamics, and functioning. Resulting proteoforms that
have different sizes, alternative splicing patterns, sets of
post-translational modifications, protein—protein interac-
tions, and protein-ligand interactions, might dramatically
increase the functionality of the encoded protein. Herein,
we have interrogated the tumor suppressor PTEN for its
proteoforms and find that this protein exists in multiple
forms with distinct functions and sub-cellular localiza-
tions. Furthermore, the levels of each PTEN proteoform in
a given cell may affect its biological function. Indeed, the
paradigm of the continuum model of tumor suppression by
PTEN can be better explained by the presence of a contin-
uum of PTEN proteoforms, diversity, and levels of which
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are associated with pathological outcomes than simply by
the different roles of mutations in the PTEN gene. Conse-
quently, understanding the mechanisms underlying the dys-
regulation of PTEN proteoforms by several genomic and
non-genomic mechanisms in cancer and other diseases is
imperative. We have identified different PTEN proteoforms,
which control various aspects of cellular function and
grouped them into three categories of intrinsic, function-
induced, and inducible proteoforms. A special emphasis is
given to the inducible PTEN proteoforms that are produced
due to alternative translational initiation. The novel finding
that PTEN forms dimers with biological implications sup-
ports the notion that PTEN proteoform—proteoform interac-
tions may play hitherto unknown roles in cellular homeo-
stasis and in pathogenic settings, including cancer. These
PTEN proteoforms with unique properties and function-
alities offer potential novel therapeutic opportunities in the
treatment of various cancers and other diseases.

Keywords PTEN - Proteoforms - Alternative
translational initiation - Post-translational modifications

Abbreviations
PTEN Phosphatase and tension homolog deleted on
chromosome 10

MMAC Mutated in multiple advanced cancers

PTP Protein tyrosine phosphatases

PI3K Phosphatidylinositol-4,5-bisphosphate
3-Kinase

AKT V-Akt murine thymoma viral oncogene

PIP3 Phosphatidylinositol (3,4,5)-trisphosphate

PIP2 Phosphatidylinositol 4,5-bisphosphate

FAK Focal adhesion kinase

CREB cAMP responsive element-binding protein

RAB7 Ras-associated protein RAB7
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IRS1 Insulin receptor substrate 1

PHTS PTEN hamartoma tumor syndrome
ASD Autism spectrum disorder

SNP Single nucleotide polymorphisms

PPI Protein—protein interactions

C-tail Carboxy terminal tail

PBM PIP2-Binding module

C2D C2 domain

PDZ Post-synaptic density protein (PSD95), Dros-
ophila disc-large tumor suppressor (DIgl),
and Zonula occludens-1 protein (ZO-1)

MoRF Molecular recognition features

MAST2 Microtubule-associated serine/threonine
kinase 2

PAR3 Partitioning defective 3

PTM Post-translational modification

NFxB Nuclear factor kappa B

DSF Differential scanning fluorimetry

CD Circular dichroism

FTIR Fourier transform infrared spectroscopy

MBH Membrane-binding helix

HDX-MS  Hydrogen/deuterium exchange mass
spectrometry

COX Cytochrome oxidase ¢

HDAC Histone deacetylase

BCR-ABL Breakpoint cluster region—abelson fusion
protein

CK2 Casein Kinase II

CML Chronic myelogenous leukemia

TDP Top-down proteomics

CRISPR Clustered regularly interspaced short palin-
dromic repeats

Introduction

The PTEN gene was independently discovered by two
groups in 1997 while investigating chromosome 10g23, a
chromosomal location that frequently showed loss of het-
erozygosity in advanced-stage cancers [1, 2]. The gene was
named MMAC (mutated in multiple advanced cancers) or
PTEN (phosphatase and tension homolog deleted on chro-
mosome 10) [1, 2]. The protein product of the PTEN gene
shared sequence homology with the protein tyrosine phos-
phatase (PTP) superfamily and a cytoskeletal protein ten-
sin. Consequently, PTEN was characterized as a dual lipid
and protein phosphatase, which is a non-redundant nega-
tive regulator of the PI3K/AKT pathway. The most exten-
sively studied tumor-suppressive function of PTEN is its
lipid phosphatase activity. PTEN dephosphorylates the sec-
ondary messenger PIP; to PIP,, thereby depleting cellular
PIP;, which is critical for AKT activation [3]. As a protein
phosphatase, PTEN dephosphorylates itself and several
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proteins, such as FAK, CREB, RAB7, and IRS1 among
others, to regulate oncogenic signaling [4-9]. PTEN also
has several phosphatase-independent functions, particularly
in the nucleus [10]. Besides its role in cancer, PTEN signal-
ing plays an important role in neurological diseases such as
autism [11].

Germline mutations in PTEN causes PTEN Hamar-
toma Tumor Syndrome (PHTS), increasing the suscepti-
bility to breast, thyroid, and endometrial cancer in carri-
ers [12]. Mutations in PTEN are also observed in Autism
Spectrum Diseases (ASD) [11]. It was pointed out that in
cancers, PTEN mutations are not as frequent as mutations
in other tumor suppressors such as p53 [13]. However,
since deregulated PTEN levels or compromised activity
are often pathogenic, several non-genomic mechanisms
exert a tight control on PTEN protein levels and activity
[13]. Indeed, experiments in PTEN hypomorphic mouse
models that express different levels of PTEN show a tissue-
specific sensitivity to tumor initiation and progression [14]
(Fig. 1). For example, lymph nodes and mammary glands
are sensitive to small decreases in PTEN expression; a 20%
decrease in PTEN expression levels is sufficient to generate
tumors. While other tissues, such as the prostate, require a
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. Lung
Bladder,
Mammary
Prostate Gland
Lymph
N¥)dgs

Fig.1 The continuum model of tumor suppression. The tumor-sup-
pressive functions of PTEN can be best explained by the continuum
model of tumor suppression, wherein the levels of the PTEN protein
dictate disease severity and tissue selectivity rather than mutations in
the PTEN gene itself. Subtle reductions in PTEN protein levels, due
to post-translational modifications, transcriptional repression, pro-
moter methylation, and sub-cellular mislocalization, have a profound
impact on oncogenic signaling pathways. Further, experiments in
hypomorphic Pten transgenic mouse models have revealed that cer-
tain organs, such as the mammary glands, are particularly sensitive to
small changes in the total PTEN levels. This is in contrast to the pros-
tate gland, wherein a dramatic reduction in PTEN levels is required to
initiate oncogenic transformation
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more profound reduction of PTEN levels for tumor initia-
tion to occur. These observations led to the development of
the “continuum model of tumor suppression” to explain
the consequences of differential reduction of PTEN levels
required to trigger cancer growth in a tissue selective man-
ner [15] (Fig. 1). Unlike the two-hit hypothesis, wherein
both alleles of a tumor suppressor gene must be inacti-
vated to cause tumor initiation, the continuum model pro-
poses that subtle changes in the tumor suppressor dosage
may cause tumors without the loss/mutation of even one
allele [15]. Consequently, mechanisms that alter PTEN pro-
tein stability and function are of paramount importance to
understanding tumor initiation and progression.

The functionality of the PTEN protein is modulated via
various processes, such as alternate splicing, alternative
translational initiation, post-translational modifications,
protein—protein interactions, and protein-membrane inter-
actions. Each of these events, individually or in combina-
tion, generates a conformationally unique form (or specific
conformational ensemble) of the PTEN protein (a proteo-
form) with varying downstream functionalities and impli-
cations. Given the importance of PTEN expression levels
in tumorigenesis and oncogenic progression, it is impera-
tive to delineate the various PTEN proteoforms and define
their functions in disease pathogenesis. Consequently, this
review focuses on the generation and function of a vari-
ety of PTEN proteoforms, with a special emphasis on the
recently identified PTEN translational isoforms.

Classification of PTEN proteoforms

The term proteoforms refers to all the different molecular
forms that a protein, arising from a single gene, can adopt
[16]. Traditionally, proteoforms are defined as alternative
forms of a protein that can be assigned a different primary
structure and are typically produced due to alternative splic-
ing, alternate promoter usage, alternate translational initia-
tion, mutations, coding SNPs (Single Nucleotide Polymor-
phisms), and post-translational modifications (PTMs). One
should keep in mind that the original idea of a proteoform,
where functionally different proteins can be generated from
a single gene, was crucial for moving from the classical
“one gene-one protein sequence-one unique structure-one
specific function” concept to the more realistic “one gene-
many sequences-many structures-many functions” model.
In its original meaning, the proteoform represented a group
of related protein molecules arising from all combinatorial
sources of variation giving rise to products arising from a
single gene. Although the classical view considered only
means affecting protein primary structure (genetic vari-
ation, alternatively spliced RNA, alternative transcripts,
and post-translational modifications) [16], we believe that

this concept should be further extended to include other
mechanisms that may affect protein structure and function
(such as conformational dynamics and changes induced in
a protein molecule during its function). Therefore, in this
review, we extend the classical definition of proteoforms to
include protein variants produced due to the conformational
changes, protein—protein interactions (PPIs), protein—-mem-
brane interactions, and protein—ligand interactions [17].
This extension is particularly relevant for proteins that have
a tendency to misfold, that form coordination complexes
with metals, that undergo conformational changes upon
ligand binding, and proteins that oligomerize to execute
their function. In fact, many proteins, including PTEN,
undergo several conformational changes that dictate their
function. These conformational changes may be induced
by binding of other protein, ligand binding, interaction with
membrane, or caused by the post-translational modifica-
tions. For example, Johnston et al., have clearly explained
that the PTEN enzyme exists in two conformations, such as
a Tense (T) conformation and a relaxed (R) conformation.
The R conformation of the enzyme is bound to PIP,, while
the T conformation is not. In fact, it is PIP, (ligand) binding
that allows for the transition to the R conformation. Within
the R conformation, the PTEN enzyme is active and acts as
a lipid phosphatase, whereas the T conformation is largely
inactive. Since the T and R conformations have different
functional potential (enzyme activity) and different com-
plex structures (bound/unbound to PIP2), they may be clas-
sified as two different proteoforms of PTEN (at least in our
view). EGFRs (Epidermal Growth Factor Receptors) are
another example of proteins that undergo conformational
changes upon ligand binding, resulting in conformational
changes needed for protein—protein interaction (dimeriza-
tion) [18].

Proteoforms may also dictate structural, functional, and
tissue specificity, wherein, a given proteoform has a unique
function within a given cell-type. Multiple modifications
may occur on the protein simultaneously, thereby expand-
ing the repertoire of each of these possible proteoforms for
a given protein. Proteins can adopt several different proteo-
forms that are generally classified under three categories:
intrinsic, function-induced, and inducible proteoforms [17].
Intrinsic or conformational proteoforms are generated due
to conformational changes in a protein and may potentially
impact protein function. Structural disorder in a protein
usually contributes to the generation of an ensemble of
intrinsic isoforms. Inducible proteoforms of a protein are
produced due to specific biological processes such as alter-
native splicing, mutations, post-translational modifications
etc. Even changes in pH, ion concentration, or redox states
may generate novel proteoforms. Function-induced proteo-
forms are generated as a result of a protein interacting with
various components of the cell in its natural environment,
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resulting in a physiologically and functionally relevant cel-
lular event. This includes complexes of a given protein with
other proteins, small molecules, or specialized sub-cellular
components such as the cell membrane. It is important to
note that a protein may exhibit a combination of the differ-
ent categories of proteoforms at any given time. Alterna-
tively, an ensemble of proteoforms can be found in a given
cell, whereby they can either function in a concerted man-
ner or have distinct biochemical and physiological roles.
Conformational changes induced in the PTEN protein due
to C-terminal tail (C-tail) phosphorylation represent a good
example of a combination of intrinsic and inducible proteo-
forms for PTEN, as discussed below.

Structurally, PTEN consists of four domains. The N-ter-
minal phosphatidylinositol 4,5-bisphosphate (PIP,)-binding
module (PBM) and the C2 domain (C2D) help PTEN to
bind to the cell membrane. The phosphatase domain (PD)
consists of a dual specificity lipid and protein phosphatase
catalytic motif. The C-tail of PTEN regulates its membrane
association, stability, and enzymatic activity via phospho-
rylation/dephosphorylation. The C-tail region also encom-
passes a PDZ-binding domain, which allows PTEN to form
complexes with a myriad of PDZ domain-containing pro-
teins [13]. Different modifications occur along the various
PTEN domains to generate various proteoforms as dis-
cussed below.

Intrinsic/conformational proteoforms

Structural and bioinformatics studies on PTEN have
revealed that part of the PBM and the entire C-tail region
of PTEN are intrinsically disordered and therefore not ame-
nable to crystallization [19]. The relative lack of higher-
order structure in the PBM and C-tail region may allow
the PTEN protein to adopt several different conformations
representing the intrinsic/conformational proteoforms. The
most extensively studied conformational change in PTEN is
induced by phosphorylation [20, 21]. Phosphorylation of a
serine—threonine cluster (Ser380, Thr382, Thr383, Ser385)
in the PTEN C-tail causes the protein to undergo an intra-
molecular association, wherein, the disordered C-tail binds
to and occludes regions of the PD and C2D. This intra-
molecular association renders PTEN catalytically inactive
and consequently, the PTEN C-tail is referred to as an auto-
inhibitory switch for PTEN [20, 21].

Function-induced proteoforms
Function-induced proteoforms of PTEN are generated

due to its interaction with other proteins, including itself,
in the cellular environment. As mentioned above, the
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PTEN C-tail is intrinsically disordered and does not pos-
sess a stable higher-order structure. However, the PDZ-
binding domain of PTEN (residues 401-403) encompass
a Molecular Recognition Feature (MoRF) that adopts
a secondary structure when complexed with a protein
partner [19]. Consequently, crystal structures for the
PTEN-PDZ-binding domain in complexes with the PDZ
domains of MAST2 and PAR3 show the presence of a
f-strand within the disordered PTEN C-tail [22] (Fig. 2).
It is interesting to note, however, that the PTEN-PDZ
domain adopts different secondary structures to bind to
MAST?2 and PARS3, thereby validating the concept of
functional selectivity of various PTEN proteoforms. This
may likely be true for several other proteins known to
engage in PPIs with the PTEN C-tail [19, 23]. Further,
each PTEN proteoform (constitutive or inducible) could
potentially allow for an interaction with a different pro-
tein partner resulting in a highly specific well-defined
downstream cellular event [24].

The PTEN protein is known to form homodimers.
As compared to PTEN monomers, these PTEN dimeric
complexes have higher lipid phosphatase activity at the
membrane [25]. Multiple PTEN domains are involved in
the dimerization process. The PBM—Phosphatase domain
and the C2 domain—C-tail regions have been reported
to oligomerize, forming higher-order complexes [25].
Phosphorylation and ubiquitination modifications affect
PTEN dimerization, as discussed below [25, 26]. Further,
disease-associated PTEN mutants that are catalytically
inactive (i.e., PTEN G129E, PTEN C124S) heterodimer-
ize with wild-type PTEN and inhibit its catalytic activity
via a dominant-negative mechanism [25]. Thus, proteo-
form—proteoform interaction generates new proteoforms
and provides another layer of complexity that may be
exploited for novel biological functions.

Fig. 2 Protein complexes of PTEN generate new PTEN proteoforms.
a The co-crystal structure of the PTEN-PDZ-binding domain with
the PDZ-binding domain of MAST2 demonstrates that the disordered
PTEN-PDZ-binding domain adopts a secondary structure primarily
comprising a B-strand, a turn, and a bend. b In contrast, the PTEN-
PDZ-binding domain adopts a slightly different secondary structure,
comprising a p-strand and a bend, in complex with Par3
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Inducible proteoforms

A vast majority of the PTEN proteoforms are inducible and
are discussed below with special emphasis on the proteo-
forms generated due to alternative translational initiation.

Alternative splicing

PTEN has several naturally occurring splice variants that
give rise to different proteoforms with varying functions.
Alternative splicing frequently results in truncated forms of
the PTEN protein. Two splice variants, PTEN A and PTEN
B are generated as a result of the inclusion of the intronic
sequence after exons 8 and 5, respectively [27]. Agrawal
et al. subsequently identified eight more splice variants for
PTEN that retained parts of intron 3 (variants 3a, 3b, 3c),
parts of intron 5 (variants 5a, 5b, 5c¢), excluded a portion
of exon 5 (variant DelES), or all of exon 6 (variant DelE6)
[28]. These splice variants showed differential expression in
breast cancer and Cowden Syndrome patients. Splice vari-
ants 5b and Sc, behaved in a manner contrary to full-length
PTEN, wherein, they induced cyclin D1 promoter activity.
Consequently, these oncogenic variants were found to be
over-expressed in disease [28]. The differential expression
of these splice variants in disease states opens up avenues
for the use of these variants as molecular diagnostics.

Post-translational modifications (PTMs)

PTEN undergoes several post-translational modifica-
tions, generating a myriad of proteoforms with differently
regulated catalytic activity, stability, sub-cellular localiza-
tion, and protein—protein interactions (Fig. 3). A detailed
description of the various PTMs and their functional rel-
evance has been reviewed elsewhere [13, 29, 30]. However,
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it is important to note here that several PTEN PTMs act as
priming events for further modifications, which exponen-
tially increases the number of possible PTEN proteoforms.
For instance, methylation at Lys313 residue enhances
PTEN C-tail phosphorylation, whereas PTEN phospho-
rylation at specific sites prevents ubiquitination of this
protein [31, 32]. PTMs also allow for a cross-talk between
the various categories of PTEN proteoforms. For instance,
phosphorylation of a serine—threonine cluster in the PTEN
C-tail (inducible proteoform) results in a conformational
change in the protein (intrinsic proteoform) rendering it
enzymatically inactive. Further, PTEN C-tail phosphoryla-
tion and K27-linked ubiquitination (inducible proteoforms)
inhibit PTEN dimerization (function-induced proteoforms)
[25, 26]. Several PTMs impact the sub-cellular localization
of PTEN, particularly to the nucleus, and allow PTEN to
regulate the cell cycle, transcription, DNA replication, and
repair processes [10, 13]. Taken together, PTMs have a pro-
found effect on PTEN function and together with other cat-
egories of proteoforms expand the functional repertoire of
PTEN.

Mutations

Increasingly, it has been observed that loss of PTEN
and PTEN mutations are not synonymous. Marsh et al.
observed that patients with mutations in the PTEN catalytic
site had a more severe phenotype than patients with truncat-
ing mutations that destabilized PTEN causing lower levels
of this protein [33]. This hypothesis was further validated
by the findings of Papa et al., who showed that PTEN cata-
lytic mutants can bind to and inactivate wild-type PTEN in
a dominant-negative manner. In vivo experiments demon-
strated that mice that were homozygous for the PTEN cata-
lytic site mutation (i.e., PtenC1?#S/ICI245 or prenC129EIGI129E)
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Fig. 3 Post-translational modifications of PTEN generates a set
of PTEN proteoforms. PTEN undergoes several post-translational
modifications that control its catalytic activity, stability, sub-cellular
localization, and ability to engage in protein—protein interactions. (Ub

Stability

Nuclear Translocation

Protein Interactions

ubiquitination, P phosphorylation, O oxidation, N nitrosylation, Rib
ribosylation, Su sumoylation, Me methylation, Ac acetylation). Each
of these modified PTEN proteins is considered a novel proteoform

@ Springer



2788

P. Malaney et al.

died in utero, indicating the role of PTEN lipid phosphatase
activity in embryogenesis. On the other hand, mice het-
erozygous for Pten®’**"* and Pten®?°"“had malignant
growth and activated AKT signaling as compared to the
normal PTEN""heterozygous mice. These findings firmly
established that expression of the mutant PTEN protein has
a more severe phenotype and worst outcome as compared
to the loss of expression of PTEN protein due to the loss
of a Pten allele [25]. Another mutation, PTEN A126G,
occurring in the catalytic core of PTEN converts it from
a 3'-phosphatase to a 5'-phosphatase [34]. In this case, the
point mutation creates a PTEN proteoform that functions
as a novel enzyme and therefore illustrates the mutation-
driven gain of new catalytic function mechanism (Fig. 4).

Several truncation mutations also occur in PTEN, par-
ticularly in its C2 domain, resulting in the generation of
a series of truncated proteoforms. One such example is a
truncation mutation that leads to the generation of a PTEN
proteoform that lacks the entire C-tail region. The C-tail-
less PTEN protein exhibits a phosphatase-independent
gain-of-function phenotype. The truncated PTEN protein
establishes an IGF-1 autocrine signaling loop, which results
in the aberrant activation of the AKT and NFxB signaling
pathways, leading to the excessive growth of astrocytes in
cell culture models [35]. In mouse models, heterozygous
PTEN C-tail deletion causes genomic instability resulting
in the generation of tumors in multiple organ systems [36].
These results demonstrate how an enzymatically active
proteoform of PTEN could acquire oncogenic properties
(Fig. 4).

Johnston et al. have used Differential Scanning Fluorim-
etry (DSF) to determine the thermostability of PTEN and

its associated mutants [37]. Data from these experiments
reveal that PTEN is inherently conformationally unstable
with a T, value of 40.3 °C, which is only 3° above the nor-
mal human body temperature. The PTEN C124S mutant is
catalytically inactive but has a T, value comparable to that
of wild-type PTEN. In contrast, PTEN N82T and PTEN
F337S mutants have compromised catalytic activity and
decreased conformational stability. Several other muta-
tions in PTEN, such as the autism-associated PTEN Y176C
and PTEN G157G, cause a milder loss-of-function pheno-
type [37]. Curiously, these observations mirror the results
of the thermodynamic studies of another important tumor
suppressor, p53 protein, the core (DNA-binding) domain
of which was shown to be marginally stable (with the T}
of 42°C) and easily destabilizable by many cancer-related
mutations [38, 39]. Thus, depending upon the type of
mutation(s) the PTEN proteoforms acquire distinct phys-
icochemical properties that likely translate into their vari-
ous pathophysiological roles in different diseases (Fig. 4).
Given the impact of mutations on PTEN proteoforms,
detailed analysis of mutations and their functional implica-
tions is warranted.

Alternate translation initiation
Introduction

Three groups independently identified and validated the
existence of the PTEN alternate translational isoforms
[40—42]. These translational isoforms are produced from
the same mRNA as canonical PTEN and are generated due
to non-AUG translational initiation. Consequently, four

Wild type Point mutations Truncation Truncation Point mutations
(not in catalytic core) mutations mutant (tailess) (catalytic core)
Wt [ WTW ] WTW
Mutation ’ ’
Mut | & =
WT G129E
: Mutant PTEN Mutant PTEN Dominant negative Mutant PTEN
PTEN dimers PTEN dimers (?) PTEN dimers (?) mutants PTEN dimers (?)
Oncogenic | Inhibition Less inhibition Less inhibition |  Activation Activation
signaling

Fig. 4 Mutations in the PTEN protein generate novel proteoforms
with distinct functions. Different PTEN mutations have a varying
impact on its function and the resulting phenotype. Point mutations
in PTEN, which are outside of the catalytic core, usually have slightly
reduced phosphatase activity and/or stability resulting in a mild acti-
vation of downstream oncogenic pathways compared to wild-type
PTEN. In contrast, mutations in the PTEN catalytic core region result
in the production of proteins that are oncogenic (i.e., PTEN C124S
or PTEN GI129E) or result in the production of PTEN protein with
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altered enzyme activity (PTEN A126G). Consequently, these point
mutations have a worse phenotype compared to PTEN loss perpetuat-
ing the concept that PTEN mutations and loss are not synonymous.
Truncating mutations in PTEN usually cause a decrease in stability
of the PTEN protein, resulting in lower total PTEN levels (indicated
in a lighter shade of green). An exception to this is the PTEN C-tail
truncated mutant which behaves like an oncogene. Thus, each type of
mutation in PTEN gives rise to a functionally and perhaps structur-
ally distinct proteoform
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PTEN translational variants (PTEN-L, PTEN-M, PTEN-
N, and PTEN-O) have been defined, each having a longer
N-terminal extension compared to the canonical PTEN pro-
tein (Fig. 5) [41, 43]. The PTEN-M proteoform is the most
predominant of the alternate translational proteoforms;
however, PTEN-L remains the most studied isoform [41].
PTEN-L is translated from an upstream CUG codon,
which is in frame with the canonical AUG start codon.
Liang et al. proposed that CUG-mediated translational
initiation occurs in an elF2A-dependent mechanism and
requires the presence of a palindromic sequence centered
on the CUG codon [40]. Hopkins et al., however, demon-
strated that a Kozak sequence is responsible for the alter-
nate translation initiation from the CUG codon. In order
to confirm the existence of PTEN-L in vivo, Liang et al.
created a mouse with Pren' ¢ allele, wherein a FLAG tag
was inserted at the C-terminus of the Pfen gene. Proteins
were isolated from tissues from Pten'™C heterozygous
mice, and two bands were observed upon immunoblotting
with the FLAG antibodies corresponding to the canonical
PTEN and the PTEN-L, respectively [40], confirming the
expression of both PTEN isoforms from the same mRNA.
Ribosomal profiling, protein sequencing, and in vivo stud-
ies in mice have confirmed the existence of several PTEN
translational variants. Research is now underway to define
the structure, physicochemical properties, and biological
relevance of these newly identified PTEN proteoforms.

Structure and stability

DSF-based experiments revealed that the T, value for
the canonical PTEN is 40.3 °C whereas that of PTEN-L
is 46.7°C in a phosphate-free buffer. PTEN-L has a T,
which is 10°C higher than the human body temperature
and 6° higher than canonical PTEN, indicating that this
proteoform has a higher conformational stability, which
may be required for its extracellular functions, given the

173 AA
—_— PTEN-L

B AA (— )PTENM
L31AA ( )PTENN
M )PTENO

Fig. 5 Translational variants of PTEN. PTEN has four reported
translational variants, PTEN-L, -M, -N, and -O that are produced
due to alternative translational initiation. Translation begins from an
upstream non-AUG codon resulting in N-terminal extensions for each
of the variants. It is likely that each of these proteoforms may behave
differently in terms of their function and sub-cellular routing, traffick-
ing, and localization

ability of PTEN-L to be secreted. DSF data suggested
that the N-173 region of PTEN-L forms a three-dimen-
sional structure that is closely associated with one of the
domains of PTEN, in particular with the PIP,-binding
module (PBM) [37]. However, bioinformatics analy-
sis, CD, and FTIR spectroscopy data indicate that the
N-173 region is primarily disordered [44—46]. Additional
research efforts are required to firmly establish the struc-
tural features of the N-terminal extensions of the PTEN
translational variants.

Membrane-binding and catalytic activity

Johnston et al. developed a continuous assay to measure
PTEN lipid phosphatase activity and demonstrated that
the catalytic activity for human PTEN is greater than
previously estimated [47]. While PTEN-L has a compa-
rable lipid phosphatase activity to the canonical PTEN,
PTEN-L is 5 times more effective in binding to its sub-
strate, PIP; (phosphatidylinositol (3,4,5) trisphosphate),
than canonical PTEN [47]. This finding indicates that
PTEN conformation may dictate the binding affinity of
PIP;. This notion is supported by the fact that phosphati-
dylinositol (4,5) bisphosphate (PIP,) allosterically acti-
vates PTEN enzymatic activity by binding to the PTEN
PBM region, and mutations at the Lys13 residue in the
PTEN PBM abrogate this allosteric activation [47, 48].
In contrast, the catalytic activity of PTEN-L is unaffected
by PIP, levels, indicating that PTEN-L is a constitutively
active phosphatase and presumably exists in a different
conformation. It is plausible that the N-terminal tail of
PTEN-L associates with the PBM in a fashion mimicking
that of PIP, to maintain PTEN-L in an active state [47].

Based on PIP, binding, a novel catalytic model for
PTEN function has been put forward. Herein, PTEN
exists in either of the two forms: a low activity (Tense; T)
or a high activity (Relaxed; R) conformation. The T-state
of PTEN is retained until PIP, is bound, following which
PTEN adopts the R conformation. PTEN-L appears to
be locked in the R conformation, such that additional
PIP, binding does not alter its catalytic activity [47].
Thus, PIP, binding reveals the two distinct proteoforms
of PTEN. Likewise, using hydrogen/deuterium exchange
mass spectrometry (HDX-MS), Masson et al. showed the
presence of a membrane-binding helix (MBH) in PTEN-
L [44]. The MBH alters the catalytic mechanism of
PTEN-L to a scooting mode from a hopping mode, which
is characteristic of wild-type PTEN, again demonstrating
that membrane association of PTEN-L provides condi-
tions to generate a new PTEN proteoform.
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Sub-cellular localization

As mentioned above, HDX-MS-based studies have shown
that PTEN-L localizes to the cell membrane via its MBH
[44]. Since the other PTEN translational proteoforms,
PTEN-M, PTEN-N, and PTEN-O, possess the MBH, it is
very likely that they also localize to the cell membrane.
Studies by Liang et al. demonstrated that PTEN-L localizes
to the mitochondria, specifically the inner leaflet, where
it regulates mitochondrial energetics [40]. However, nei-
ther PTEN nor PTEN-L possess a canonical mitochondrial
localization sequence. It is plausible that a transporter(s)
may be involved in the mitochondrial translocation of
PTEN and its various proteoforms. Bioinformatics analysis
using NoD, NLStradamus, and NucPred predictors reveal
that the N-terminal region of PTEN-L and PTEN-M con-
tains a putative nuclear and nucleolar localization sequence
(Fig. 6) [49-52]. Given the recent identification of PTEN
in the nucleolar compartment of the cell, it will be inter-
esting to investigate whether PTEN-L and PTEN-M have
any unique functions within the nucleolus [53]. This could
uncover hitherto unknown functions of PTEN-L and the
novel proteoform PTEN-M. Further, exogenous PTEN-L
can be internalized into cells via a polyarginine stretch in
the N-173 region [42]. The polyarginine stretch is present
within the PTEN-M proteoform as well, raising the pos-
sibility that PTEN-M may also enter into cells. However,
this function of PTEN-M remains to be determined. While
PTEN-L is supposedly a secreted protein, there are conflict-
ing reports on the secretory properties of PTEN-L [41, 42].
Therefore, secretory and extracellular functions of PTEN-L
proteoform remain controversial.

Function and clinical relevance

In the mitochondria, PTEN-L increases the activity of COX
(cytochrome oxidase c) in phosphatase-dependent manner.
TALEN-mediated abrogation of PTEN-L resulted in the

PTEN-L PTEN-M

MERGGEAAAAAAAAAAAPGRGSESPVTISRAGNAGE

NLS
RRRRRR PSAAAAPPV

ARAPEAAGGGSRSEDYSSSPHSAAAAARPLAAEEKQ
AQSLQPSSSRRSSHYPAAVQSQAAAERGASATAKSR

PTEN ATG

AISILOKKPRHQQLLPSLSSFFFSHRLPDM

Fig. 6 PTEN-L and PTEN-M have a putative nuclear and nucleolar
localization sequence, indicating their distinct sub-cellular functions.
The sequence indicates the positions of the nuclear and nucleolar
localization sequence as predicted by NLStradamus, NucPred, and
the NoDsoftwares, respectively

@ Springer

disruption of mitochondrial structure and function in HeLa
cells [40] (Fig. 7). Both PTEN-L and PTEN-M reduce
phospho-AKT levels, thereby inhibiting PI3K/AKT signal-
ing [41, 42]. Exogenous PTEN-L reduces the tumor burden
in xenograft and genetically engineered mouse models [42,
54, 55]. PTEN-L, once firmly established as a secretory
PTEN proteoform, has tremendous potential for use as a
biologic to treat various malignancies (Fig. 7).

Consistent with the critical role of PTEN-L in dampen-
ing PI3K/AKT signaling, PTEN-L levels were found to be
altered in cancers. Increased PTEN-L levels were found in
the tumor microenvironment in breast cancer samples [42].
Conversely, reduced levels of PTEN-L were observed in
renal-cell carcinoma samples [54].

Discussion and future directions

It appears that the relatively low number (in comparison
with other tumor suppressors, e.g., p53) of disease-related
mutations in PTEN severely undermines the critical role
of this protein as a tumor suppressor. However, extensive
studies using various Pten transgenic mouse models have
demonstrated that subtle changes in PTEN protein levels
can lead to the development of malignancies [14]. Unlike
the two-hit model of tumor suppression, PTEN follows
the continuum model wherein subtle changes in the PTEN
protein levels are sufficient to cause a disease phenotype
without loss or mutation of even one allele. Therefore, a
systematic study of PTEN protein modifications and the
proteoforms they generate is of utmost importance.

PTEN has several proteoforms that may be broadly
classified as intrinsic, function-induced, and inducible.
Each of these proteoforms represents a variant of PTEN
with a unique functionality. This provides avenues for the
use of PTEN proteoforms as biomarkers to guide ther-
apy. For instance, PTEN, when phosphorylated at Y240,
reduces the sensitivity of the cell to DNA damage and is
also a predictor for the EGFR inhibitor resistance in glio-
blastoma [56]. HDAC inhibitors induce PTEN membrane
translocation through PTEN acetylation at K163, result-
ing in enhanced tumor-suppressive function indicating that
HDAC inhibitors may be more efficacious in tumors with
functional PTEN [57]. Furthermore, phosphorylation of
the PTEN C-tail inhibits catalytic activity of this protein
and is frequently elevated in cancers, macular degenera-
tive disease, myocardial infarction, and pulmonary hyper-
tension [58-64]. While these tumor/disease samples may
show a high degree of immunoreactivity with a PTEN
antibody, they are in fact similar to PTEN-deficient sam-
ples, and the patients may benefit from the use of PI3K/
AKT pathway inhibitors. The oncogenic BCR—-ABL fusion
protein induces casein kinase 2 (CK2)-mediated PTEN



PTEN proteoforms in biology and disease

2791

Membrane

Mitochondria

Fig. 7 Functional relevance of PTEN and its proteoforms. PTEN and
its translational variants give rise to various proteoforms that localize
to various sub-cellular compartments to regulate cell signaling. PTEN
exerts its effects on the cell cycle, ribosome biogenesis, DNA dam-
age, and repair processes in the nucleus and nucleolus. PTEN-L and
-M have putative nuclear and nucleolar localization sequences and
their unique roles in these compartments remain to be determined.
PTEN and PTEN-L also localize to the mitochondria where they
regulate apoptosis and mitochondrial energetics, respectively. Both
PTEN and PTEN-L associate with the membrane and PTEN-L has

C-tail phosphorylation, resulting in PTEN inactivation in
Chronic Myeloid Leukemia (CML). Consequently, Morotti
et al. have suggested the use of CK2 inhibitors to reactivate
PTEN function, which can result in the induction of apop-
tosis, particularly in the case of imatinib-resistant CML
[65]. Studies on PTEN dimerization patterns have revealed
that PTEN catalytic core mutants are oncogenic and bind
to and inhibit the function of the wild-type PTEN. Addi-
tionally, data from transgenic mouse models have shown
that mice harboring lesions in the PTEN catalytic core are
more vulnerable to malignant growth than animals with
heterozygous loss of Pten gene. These observations sug-
gest that PTEN mutations and loss are not synonymous and
must therefore be managed differently in a clinical setting
with a more aggressive therapeutic regimen for patients
with PTEN catalytic site mutations. Further, Liang et al.
have demonstrated that PTEN-L and canonical PTEN
form a complex within the mitochondria [40]. Similarly,
it is possible that the various PTEN translational variants
homodimerize and heterodimerize with distinct permuta-
tions and combinations, thereby exponentially expanding
the repertoire of functional PTEN complexes. PTEN trun-
cation mutations, resulting in the production of a tail-less
PTEN proteoform, render the protein oncogenic due to
the establishment on an autocrine IGF-1 signaling loop
[35]. Consequently, treatment for patients with such PTEN

Nucleus

Distant cell

an additional membrane-binding helix that facilitates this association.
The other PTEN translational variants, PTEN-M, -N, and -O also
possess the membrane-binding helix and whether they truly localize
to the plasma membrane is unknown. PTEN-L has also been found
in extracellular tissues and in circulation in the blood stream. PTEN-
L, by virtue of a cell-penetrating polyarginine peptide, re-enters the
cells to inhibit PI3K signaling and has been shown to be therapeuti-
cally effective in mouse models. Whether, PTEN-L is truly secretory
remains controversial. However, the biochemical process underlying
its secretion represents an active area of research

truncation mutations should be tailored to dampen IGF-1
signaling pathways. Differential expression of PTEN pro-
teoforms produced due to alternative splicing, particularly
splice variants 5b and 5c, are oncogenic and are found to
be over-expressed in disease states [28]. Furthermore, the
discovery of PTEN-L, a putative secretory PTEN proteo-
form, instructs us to use PTEN proteoforms as a biologic,
particularly in cancer therapy. The N-173 N-tail extension
of PTEN-L, which has a cell-penetrating property, has
the potential to be used as a carrier for other therapeutic
molecules.

The emergence of several relatively recent techniques
has made it easier for the identification and characterization
of PTEN proteoforms. Refinement in top-down proteom-
ics (TDP) approaches allows for analysis of intact proteins
and discovery of novel proteoforms. Further development
in TDP techniques may allow for the detection of diagnos-
tic proteoforms in body fluids [66]. Ribosomal profiling has
been used to identify PTEN translational variants [67]. In
the future, the CRISPR—Cas9 technology may be employed
to study the role of a given PTEN proteoform by selectively
eliminating its expression from cells. Taken together, recent
discovery of various PTEN proteoforms, including their
property to dimerize and multimerize indicates that we
have a lot to learn about biological and pathophysiological
functions of PTEN, which till date had remained obscure.
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