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Summary

Faithful DNA replication and accurate chromosome segregation are the key machineries of genetic
transmission. Disruption of these processes represents a hallmark of cancer and often results from
loss of tumor suppressors. PTEN is an important tumor suppressor frequently mutated or deleted
in human cancer. Loss of PTEN has been associated with aneuploidy and poor prognosis in cancer
patients. In mice, Pfen deletion or mutation drives genomic instability and development of various
tumors with high penetrance. PTEN deficiency induces DNA replication stress, confers stress
tolerance, and disrupts mitotic spindle architecture, leading to accumulation of structural and
numerical chromosome instability. Therefore, PTEN guards the genome by controlling multiple
processes of chromosome inheritance. Here we summarize current studies that reveal the PTEN
function in promoting high-fidelity transmission of genetic information. We also discuss the PTEN
pathways of genome maintenance and highlight potential targets for cancer treatment.

Graphical Abstract

PTEN is a guardian of the genome. However, the role of PTEN in guarding the genome has not
been revealed until recently. PTEN controls multiple fundamental processes of genomic
transmission. By physically interacting with key molecules in DNA replication, DNA repair/
decatenation, and chromosome segregation during cell cycle, PTEN maintains genomic stability.
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Introduction

Preservation of genomic integrity requires accurate duplication and transmission of genetic
information stored in DNA from one parent cell to two daughter cells during cell division.
Execution of this fundamental process is challenging because DNA is highly susceptible to
damage by intrinsic and extrinsic genotoxic factors, whereas accumulation of DNA damage
leads to malignant transformation. Emerging evidence suggests that cell-intrinsic genotoxic
stress, as compared to environmental insult, plays a more compelling role in driving
genomic instability and cancer evolution. For example, a world-wide cancer etiological
study revealed that random mistakes made during normal DNA replication not only are
unavoidable but also play a major role in causing heritable mutations that drive cancer
evolution [1]. In addition to genetic errors generated during DNA replication, aberrant
chromosome segregation during mitosis is an important cause of chromosome instability
(CIN).

CIN may or may not drive malignant transformation, which largely depends on the genetic
context. For example, numerical CIN resulting from BubR1 insufficiency predisposes p53*/~
mice to thymic lymphomas but had no impact on tumorigenesis in £56*/~ mice. More
interestingly, BubR1 insufficiency even reduces the incidence of prostate intraepithelial
neoplasia in Pten*’~ mice [2]. These observations suggest distinct tumorgenesis outcomes
may result from different genetic interactions in a tumor suppressor network. Nevertheless, a
recent study demonstrated a direct causal relationship between aberrant chromosome
inheritance and tumor development. Mitotic errors manifested by centrosome amplification
promote aneuploidy and cause spontaneous tumorigenesis, even in the absence of additional
genetic alterations [3].
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To cope with the error-prone processes of DNA replication and chromosome segregation,
multiple checkpoints have evolved to ensure the proper order, integrity, and fidelity of the
major events of the cell cycle. For example, the mitotic spindle assembly checkpoint (SAC)
monitors proper microtubule attachment to the kinetochore of each chromosome prior to
initiating chromosome segregation. Enhanced mitotic surveillance by SAC reinforcement
can protect genomic integrity against aneuploidy and prevent tumorigenesis [4]. Besides
SAC, there are additional surveillance mechanisms such as the intra-S and G2 checkpoints
that coordinate to monitor DNA replication and repair, restricting cells with damaged DNA
from entering mitosis. Checkpoint defects thus allow uncontrolled cell cycle progression and
CIN accumulation, which impairs genomic integrity and promotes malignant transformation.

PTEN is a phosphatase encoded by a tensin-homolog gene on chromosome 10 that has been
found frequently deleted in human cancer [5, 6]. The primary substrate of PTEN
phosphatase is phosphatidylinositol-3, 4, 5-trisphosphate (PIP3), a catalytic product of
phosphatidylinositol-4,5-bisphosphate 3-kinase (P13K) that phosphorylates the 3 position
hydroxyl group of the inositol ring of phosphatidylinositol [7]. Due to its frequent loss in
human cancer and its catalytic activity of inhibiting the oncogenic PI3K pathway, PTEN has
been recognized as a bona fide tumor suppressor. Soon after the identification of PTEN as an
antagonist of PI3K signaling, a number of studies revealed its function in regulating cell
cycle progression, primarily by controlling the G1-S transition [8-10]. The regulation of G2-
M progression by PTEN was reported later [11] and significantly, PTEN plays an essential
role in activating the DNA damage checkpoint to prevent genetic instability [12].

Although the tumor suppressor function of PTEN has been mainly attributed to its
antagonism of the PI3K pathway, it is increasingly clear that PTEN has additional PI3K-
independent functions. In addition to its cytoplasmic localization, PTEN was also found in
the nucleus [13] and alongside these observations, nuclear PTEN alone was reported to
arrest cell cycle progression independent of the PI3K pathway [14-16]. Importantly, nuclear
PTEN plays multiple roles in maintaining the structural integrity of chromosomes and
promoting DNA repair in response to genotoxic stress [17, 18]. Moreover, PTEN is directly
involved in the core machinery of genetic transmission by regulating both DNA replication
[19-21] and chromosome segregation [22-24] (Figure 1). In this review, we will discuss
how PTEN controls diverse signaling pathways and molecules to guard the genome.

PTEN is physically involved in the maintenance of chromosome structural

integrity

Inaccurate chromosome transmission results in structural and numerical CIN, which has
been manifested in cells lacking PTEN. An earlier report of our work described centromere
breakage as a signature of CIN in PTEN-deficient cells, highlighting the importance of
PTEN in maintaining the structural integrity of chromosomes [17] (Figure 2A). The study
also demonstrated the physical association of PTEN with interphase centromeres and
mapped the centromere-binding domain of PTEN to its carboxyl (C) terminus. C-terminal
truncation limits the ability of PTEN to interact with the centromere protein CENP-C,
however catalytically deficient PTEN remains active in centromere binding [17]. These data
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suggest a phosphatase-independent function of PTEN in protecting the structure of
chromosomes.

To further demonstrate the importance of the PTEN C terminus in tumor suppression, we
generated a mouse model of C-terminal Pren deletion (Pren*’A%) by knock-in of a point
mutation originally identified in patients with Cowden syndrome, a disease associated with
cancer susceptibility [25]. Despite the lack of the PTEN C-terminal region, the truncated
form of PTEN retains its catalytic activity. Nevertheless, the intact phosphatase function of
Pten fails to protect the genome against CIN in the absence of a single allele of the C-
terminal region and as a result, Pten*”A€ mice develop spontaneous tumors in multiple
organs. Moreover, heterozygous deletion of the Pren C terminus induces accumulation of
both structural and numerical CIN including prominent centromere breakage, the structural
signature of CIN caused by PTEN deficiency. These results further demonstrate the
phosphatase-independent activity of PTEN in maintaining chromosome integrity and reveal
haploinsufficiency of Pten C-terminal function in guarding the genome and suppressing
tumorigenesis. These findings also explain why nearly 40% of somatic PTEN mutations
identified in sporadic cancer patients occur in the C-terminal region. In Cowden syndrome,
germline PTEN truncation mutations comprise over 80% of the total mutations in this region
[26]. These findings illustrate the importance of the C-terminal region of PTEN in
mechanisms relevant to tumor suppression.

PTEN dysfunction induces genomic fragility and disrupts chromatin

architecture

In addition to segmental chromosome breakage as a signature CIN resulting from Pten
deficiency, C-terminal haploinsufficiency of Pfenalso causes genome-wide copy number
alterations [25] and global chromatin decondensation [27, 28]. In particular, copy number
changes found in various tumor-prone tissues from Pten*A¢ mice mainly affect common
fragile sites. For example, Pren*”AC tissues exhibit reduced copy numbers and abnormal
transcripts of multiple fragile genes including FAitand Wwox, due to altered splicing and
translocation [25]. Both FHIT and WWOX are biomarkers of neoplastic transformation [29],
deregulation of which in tissues lacking the Pten C terminus represents overall chromosome
fragility. Indeed, Pten C terminal truncation induces transcriptome remodeling manifested
by large-scale alterations of the global gene expression profile [27]. Interestingly, over 70%
of all differentially expressed genes are upregulated and these include many oncogenes such
as Krasand Braf. These data indicate overall activation of gene transcription when PTEN
function is compromised, which is related to an aberrant chromatin environment [27].

Consistent with the physical association of PTEN with centromeres [17], PTEN has been
found to co-localize with heterochromatin and to maintain chromatin compaction [27, 28]
(Figure 2B). In the absence of PTEN or its C terminus, chromatin compaction is disrupted
particularly in the heterochromatin regions where centromeres and telomeres are clustered.
The maintenance of heterochromatin rigidity by PTEN relies on its functional interaction
with histones and non-histone chromatin components such as heterochromatin protein 1
(HP1). PTEN utilizes its C-terminal region to physically associate with linker histone H1 to

Bioessays. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hou et al.

Page 5

keep adjacent nucleosomes in close proximity, which is accompanied by recruitment of
HP1la and a deacetylated histone H4. The dynamic equilibrium of chromatin condensation
can be impaired by either PTEN mutations that affect its interaction with histone H1 or
enhanced histone H4 acetylation at lysine 16. In the latter scenario, hyperacetylation of
histone H4 at K16 disrupts the interaction between PTEN and histone H1, leading to HPla
dissociation and chromatin decondensation [27, 28] (Figure 2B). On the other hand, loss of
PTEN or its C terminus induces histone H4 acetylation, which neutralizes the positive
charge of histones and subsequently causes chromatin unfolding. As such, PTEN deficiency
triggers a positive feedback loop between histone H4 hyperacetylation and histone H1
unloading to impair chromatin homeostasis leading to aberrant transcriptome
reprogramming [27].

PTEN controls DNA replication to ensure faithful and efficient genome

duplication

Loss of PTEN gives rise to multiple distinct phenotypes of DNA replication defects that
include spontaneous elevation of replication stress, enhanced stress tolerance, bypass of the
intra-S checkpoint, and failure of stalled fork recovery. Defective DNA replication in PTEN-
deficient cells may result from compromised assembly of the replisome and DNA damage
response machinery due to chromatin decondensation.

PTEN maintains a baseline level of replication fork progression

PTEN depletion reduces the level of multiple DNA replication and repair proteins on
chromatin. These include the DNA sliding clamp in the basal replication machinery PCNA
(proliferating cell nuclear antigen) [30], the checkpoint protein CHK1 (checkpoint kinase 1)
[31], and the repair protein Rad51 [32]. Although these replication regulators function at
different stages and serve for distinct purposes, depletion of PTEN causes a dramatic and
consistent reduction of chromatin association of all three proteins [19]. The failure of
recruiting important replication proteins to chromatin occurs in the absence of replication
perturbation, which reflects a diminished repository of necessary components for the DNA
replication machinery. As expected, DNA replication forks in PTEN-null cells progress less
efficiently with an increased frequency of fork stalling, even in the absence of exogenous
sources of replication stress [19]. These observations suggest that PTEN deficiency confers a
genetically intrinsic perturbation of the baseline level of DNA replication, which represents
an endogenous source of replication stress.

PTEN maintains the intra-S checkpoint integrity and activity

The intra-S checkpoint is among various DNA damage checkpoints that block cell cycle
progression to allow repair of DNA damage before transition to the next phase [33]. Faithful
and efficient DNA replication relies on timely assembly of the replisome as well as precise
coordination of the helicase-mediated DNA unwinding and the polymerase-mediated DNA
synthesis. As every nucleotide in the genome must be screened and duplicated during DNA
replication, the replication fork is a sensitive detector of DNA damage. When stalled, the
replication fork itself can activate the intra-S checkpoint. This occurs in response to DNA
lesions that block DNA polymerases while the helicase continues to proceed with DNA
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unwinding ahead of the damage site [34]. The uncoupling between the polymerase and the
helicase generates single stranded DNA (ssDNA) that is subsequently coated by replication
protein A (RPA). Therefore, RPA-coated ssSDNA serves as a common intermediate structure
necessary for activation of the intra-S checkpoint [35, 36].

Elevated DNA replication stress and stress tolerance in PTEN-deficient cells—
Spontaneous chromosome fragility and CIN in PTEN-null cells [17, 25] results in a
reduction of baseline DNA replication progression but does not arrest cells in S phase [19].
These data could suggest either insufficient levels of DNA damage or an impaired intra-S
checkpoint resulting from PTEN depletion. We found that in the presence of enhanced levels
of replication stress induced by DNA polymerase inhibitor aphidicolin (APH), PTEN-null
cells remain largely unresponsive while wild-type cells exhibit a prominent S-phase arrest
[19]. Consequently, PTEN-null cells prematurely exit S phase and proceed to G2/M despite
the presence of unreplicated DNA and elevated CIN. Therefore, loss of PTEN not only
confers endogenous replication stress but also causes stress tolerance in response to
exogenous replication perturbation, leading to bypass of the intra-S checkpoint and
deleterious accumulation of CIN. Stress tolerance and checkpoint bypass manifested in
PTEN-null cells appears to be a combined consequence of defective replication licensing
and compromised replisome assembly.

Aberrant licensing of replication origins and impaired assembly of the
replisome in cells lacking PTEN—During the cellular response to exogenous
replication stress, PTEN depletion aggravates uncoupling of the DNA polymerase and
helicase, likely by aberrantly promoting the activity of DNA helicases. MCM2
(minichromosome maintenance protein 2) is a key component of the pre-replication complex
(pre-RC) that forms during licensing of eukaryotic DNA replication. MCM2 has been
identified as a protein substrate of PTEN phosphatase and hyperphosphorylation of MCM2
is associated with aberrant licensing of DNA replication in PTEN-null cells [20].
Hyperactive helicase in PTEN-deficient cells may promote DNA unwinding despite
hydroxyurea (HU)-induced depletion of dNTPs, the building blocks for fork progression.
HU-mediated inhibition of DNA synthesis in PTEN-deficient cells is accompanied by
unrestrained fork progression [20]. This may inevitably result in generation or expansion of
ssDNA that requires the protection by RPA. However, the level of RPA associated with
chromatin and replication forks is reduced in the absence of PTEN [21]. The reduction of
RPA recruitment onto replication forks prevents timely formation of RPA-coated sSDNA, the
common mediator for activation of the intra-S checkpoint. This may directly lead to a failure
to recruit necessary components of the replisome such as PCNA and checkpoint proteins
such as CHK1, demonstrating compromised intra-S checkpoint activity [19]. These findings
collectively suggest that PTEN maintains the intra-S checkpoint integrity and activity by
temporal and spatial coordination of replication licensing with replisome assembly.

PTEN promotes recovery of stalled replication forks

Uncoupling of MCM2-mediated origin licensing and RPA-mediated checkpoint priming not
only impairs the intra-S checkpoint but may also prevent repair of stalled replication forks.
Indeed, PTEN-deficient cells fail to resume DNA replication in response to exogenous
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perturbation, leading to detrimental accumulation of stalled forks [19]. The failure of stalled
fork restart in PTEN-null cells is associated with compromised recruitment of Rad51
following acute inhibition of DNA synthesis by nucleotide depletion [19]. Rad51 is well
known to function in homologous recombination (HR)-mediated double strand break (DSB)
repair [37], which has been shown to contribute to PTEN-mediated genomic stability [17,
38, 39]. Nevertheless, HR-dependent DNA repair is unlikely responsible for Rad51-
mediated PTEN function in promoting replication fork restart. Instead, Rad51 is recruited on
stalled forks without forming discrete filamentous-like foci in a PTEN-dependent manner
following acute replication stress. Hence, the PTEN-Rad51 pathway of promoting
reactivation of stalled forks is consistent with a HR-independent stress response that requires
formation of a Rad51-ssDNA complex [40]. Rad51 loading on ssDNA relies on the
preceding RPA recruitment and RPA-mediated stabilization of sSDNA [41]. Depletion of
PTEN results in impairment of RPA1 recruitment on DNA replication forks [21], which may
occur more specifically on ssDNA at stalled forks. As such, even severe fork stalling in
PTEN-deficient cells may not be able to trigger Rad51 loading without preceding sSDNA
stabilization by RPA. Therefore, PTEN facilitates consecutive recruitment of stress-
responsive proteins with diverse functions to promote recovery of stalled DNA replication
forks in response to acute DNA replication stress.

PTEN ensures faithful duplication of the genome by controlling multiple fundamental
mechanisms of DNA replication: 1) PTEN maintains normal unperturbed fork progression
to avoid endogenous source of replication stress; 2) PTEN warrants functional coupling
between helicase-mediated unwinding of DNA strands and polymerase-mediated DNA
synthesis to reduce the risk of helicase-polymerase uncoupling and ssDNA exposure; 3)
PTEN promotes timely recruitment of RPAL for ssSDNA protection; 4) PTEN interacts with
Rad51 on nascent forks to promote stalled fork recovery (Figure 3). Thus, loss of PTEN
results in spatial and temporal dissociation of replication fork behavior at various levels. For
example, slower fork progression due to frequent fork stalling appears to conflict with an
overall shorter S phase due to checkpoint bypass. A similar conflict is also evident between
faster DNA unwinding and slower fork elongation, which is likely due to helicase-
polymerase uncoupling. Therefore, PTEN deficiency confers a basal level of endogenous
replication stress and impairment of stress-responsive checkpoint activity, resulting in
premature S phase exit in the presence of unreplicated DNA.

PTEN controls the G2-M transition and mitotic fidelity to prevent CIN

Premature S phase exit inevitably rushes PTEN-deficient cells to enter G2/M despite
incomplete DNA replication. This is an example of uncontrolled cell cycle progression,
which is a hallmark of cancer. Unscheduled phase transition usually results from impairment
of checkpoint function, and PTEN deficiency notably causes checkpoint dysfunction
throughout all phases of the cell cycle. In G2 phase, Pten deficient cells exhibit a defective
DNA damage checkpoint in response to radiation treatment [12]. In addition to regulating
the G2-M transition, PTEN also directly controls mitotic surveillance mechanisms to ensure
proper spindle assembly and high-fidelity chromosome segregation [22—24].
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PTEN regulates multiple checkpoints during the G2-M transition

Acute replication stress fails to arrest PTEN-deficient cells in S phase and as a consequence,
a significantly greater G2/M population is found in cells lacking PTEN as compared to wild-
type cells [19]. As stalled forks may collapse and consequently result in DSB formation,
these data seem to suggest that PTEN-deficient cells may retain a proficient DNA damage
checkpoint to arrest cells in G2 and permit DSB repair. However, studies have indicated this
is an incorrect prediction. Instead, a defective DNA damage checkpoint manifests in Prer-
null embryonic stem cells in response to ionizing radiation (IR) [12]. The failure of
checkpoint response to IR-induced DNA damage has been attributed to aberrant
phosphorylation of CHK1 and resultant cytoplasmic sequestration and degradation.
Impairment of the DNA damage checkpoint results in abnormal progression into mitosis
with increased breaks and gaps in metaphase chromosomes, which is also associated with an
elevated frequency of aneuploidy in PTEN-deficient breast carcinoma [12]. These
observations demonstrate the critical role of PTEN in activation of the DNA damage
checkpoint and the importance of PTEN-mediated G2 checkpoint activity for preventing
CIN and aneuploidy.

In addition to regulating the DNA damage checkpoint, PTEN is involved in another G2
checkpoint named “decatenation checkpoint” to resolve DNA entanglements before
initiating mitosis [42]. In comparison with the DNA damage checkpoint, the decatenation
checkpoint has a closer intrinsic connection with replication stress because DNA
decatenation aims to separate intertwined DNA strands that are formed mainly during DNA
replication [43]. PTEN-deficient cells or tissues harbor increased common fragile sites [25]
due to elevated DNA replication stress [19-21], which is detectable as ultrafine anaphase
bridges (UFBs) in mitotic cells by immunofluorescence analysis with the polo-like kinase-
interacting checkpoint helicase (PICH) [42]. UFBs are the characteristic structure arising
from DNA replication stress and resultant chromosome fragility and DNA entanglements
[44], representing a defective DNA decatenation checkpoint. UFBs occur spontaneously in a
significantly greater number of PTEN-null cells as compared to wild-type cells, indicating
an increase of endogenous DNA catenation stress [42]. Inhibition of topoisomerase 1l a
(TOP2A), the major enzyme involved in DNA decatenation [43], further exacerbates PICH
bridges in anaphase cells null for PTEN [42]. Mechanistic investigation reveals that PTEN
promotes TOP2A stability to activate the DNA decatenation checkpoint and to allow
elimination of entangled DNA prior to initiation of chromosome segregation. Dysfunction of
this process leads to accumulation of entangled DNA due to topological constraints and
decatenation checkpoint defects.

During the transition from DNA replication and chromosome segregation, PTEN controls
multiple checkpoints to avoid unscheduled cell cycle progression with entangled DNA and
unrepaired DNA damage. PTEN depletion confers defective surveillance of DNA lesions
generated during both DNA replication and the G2-M transition, which poises an
accumulative challenge to the substantial task of segregating the genome in mitosis.
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PTEN maintains proper spindle architecture and mitotic fidelity

Impairment of multiple pre-mitotic checkpoints creates an unsecured fast track for cells with
numerous DNA lesions to enter mitosis, vulnerable to mitotic stress and resultant
segregation errors. In agreement with this prediction, emerging studies have reported various
mitotic defects in PTEN-null cells: aberrant spindle assembly in prometaphase, chromosome
misalignment and missegregation in metaphase, anaphase bridges and lagging chromosomes
in anaphase, chromosome non-disjunction in telophase, and mitotic catastrophe [22-24, 45,
46]. At least some of these mitotic defects may stem from abnormal pre-mitotic processes
such as incomplete or defective DNA replication, repair, and decatenation. Nevertheless,
recent studies uncovered specific impairment of the core machinery that controls mitotic
spindle assembly and chromosome segregation following PTEN depletion [22-24]. These
findings suggest that PTEN directly controls the assembly and functionality of mitotic
spindles to ensure timely and accurate alignment and segregation of mitotic chromosomes.

PI3K/AKT-dependent y-tubulin/PLK1/PTEN feedback loop on the mitotic
spindle—The mitotic spindle is a self-organized macro-molecular structure comprised of
microtubules (MTs), MT-associated proteins, and motor proteins. Nucleation of MTs is
required for mitotic spindle assembly, and centrosomes are the major site of MT nucleation.
MTs nucleate to form mitotic spindle poles and generate antiparallel MT arrays that interact
with motor proteins to support the bipolar configuration of mitotic spindles [47]. PTEN was
first reported to localize at mitotic centrosomes in neonatal human epidermal keratinocytes,
and its centrosome localization was shown to rely on AKT-mediated recruitment of -y-
tubulin and polo-like kinase 1 (PLK1) [46]. Interestingly, knockdown of PTEN results in
elevated whole-cell levels of y-tubulin and PLK1, which leads to centrosome amplification.
Moreover, AKT inhibition abrogates the increase of y-tubulin and PLK1 in PTEN
knockdown cells and reduces the number of cells with supernumerary centrosomes [46].
These data suggest that PTEN restrains an AKT-mediated cellular depository of y-tubulin
and PLK1 to prevent centrosome amplification, and on the other hand, the centrosome
deposit of -y-tubulin and PLK1 is essential for recruiting PTEN to mitotic spindle poles. It is
therefore possible that PTEN, -y-tubulin, and PLK1 constitute a signaling feedback loop at
centrosomes to maintain the stability of mitotic spindle poles.

PI3K-independent formation of the centrosmal PLK1/PTEN/DLG1/EG5
complex—The function of PTEN at mitotic centrosomes has been recently elucidated in a
greater detail [22]. PLK1-dependent PTEN association with centrosomes has been
confirmed and this process requires the PLK1 catalytic activity that had been shown to
phosphorylate the PTEN multisite phosphorylation region near its C-terminal tail [48, 49].
PLKZ1-dependent recruitment of PTEN to centrosomes creates a docking site for subsequent
loading of additional proteins including DLG1 (discs large MAGUK scaffold protein 1) and
EG5 (also known as KIF11, kinesin family member 11). DLG1 is a PDZ-domain protein
that interacts with the PDZ-binding domain of the PTEN C-terminal tail, which is a
prerequisite for loading of EG5, a motor protein essential for centrosome movement and
bipolar spindle formation. Moreover, PTEN-mediated recruitment of the DLG1/EG5
complex also requires EG5 phosphorylation. The phosphorylation-dependent and PDZ-
mediated formation of PLK1/PTEN/DLG1/EG5 complex on mitotic centrosomes plays a
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critical role in regulating spindle pole movement to establish symmetrical bipolar spindles.
Importantly, the regulation of spindle pole motility by PTEN relies on its C-terminal PDZ-
binding domain in a PI3K-independent manner. Deletion of the PDZ-binding domain from
the Pten gene locus in mice results in a reduced interaction between Pten and Dlg1, as well
as increased aneuploidy and tumor susceptibility [22]. These data demonstrate the
importance of the PTEN PDZ-binding domain in promoting mitotic spindle motility and
suppressing aneuploidy and cancer susceptibility.

PTEN in maintaining mitotic phosphorylation equilibrium and mitotic spindle
architecture—In addition to utilizing the non-catalytic PDZ-binding domain to regulate
the motility of mitotic spindles, PTEN also uses its phosphatase function to control the
spindle architecture. Based on an immunofluorescence tracing of PTEN throughout the cell
cycle, a dynamic localization profile of PTEN during mitosis has been uncovered. PTEN
begins to appear around centrosomes in prophase, followed by enrichment in the separating
centrosomes at prometaphase and spreading in the whole spindle region during metaphase.
Subsequently, PTEN accumulates at the spindle crest in anaphase 1 and is found on both the
spindle poles and the midbody in anaphase 2, followed by gathering in the cleavage furrow
in telophase [23]. This PTEN localization profile during cell division largely overlaps with
that of EG5, the MT plus end-directed MT motor. Mitotic spindle architectural analysis
reveals a common phenotype of spindle shortening in cells expressing a catalytic deficient
form of PTEN or a hyperphosphorylated form of EG5. Further mechanistic study
demonstrates that PTEN maintains a proper length of mitotic spindles by physically
interacting with EG5 and suppressing its phosphorylation [23]. EG5 phosphorylation is
required for the formation of the PTEN-DLG1-EG5 complex on centrosomes [22], while an
abnormal level of EG5 phosphorylation impairs PTEN-mediated maintenance of the mitotic
spindle size [23]. These findings suggest that phosphorylation of important motor proteins
such as EG5 must be precisely controlled to satisfy a dynamic equilibrium for proper spindle
assembly, which is ensured by an optimal balance between mitotic kinases and
phosphatases.

Spindle pole integrity controlled by multiple PTEN pathways—Besides the
reduced size of mitotic spindles, fragmentation of spindle poles is an additional common
phenotype of both PTEN deficiency and EG5 hyperphosphorylation [23]. A non-
phosphorylatable form of EG5 can rescue pole fragmentation in PTEN-deficient cells,
demonstrating that an aberrant elevation of EG5 phosphorylation is responsible for the
impairment of pole integrity. Of note, the mobility of mitotic spindle poles requires EG5
phosphorylation [22], but an excessive level of EG5 phosphorylation disrupts the pole
integrity. These seemingly conflicting observations highlight the importance of a precise
control and optimal equilibrium of EG5 phosphorylation for maintaining spindle pole
stability and promoting pole movement during chromosome segregation. Although PTEN
deficiency or EG5 hyperphosphorylation can both lead to spindle pole fragmentation, this
aberrant phenotype may not be attributed solely to the PTEN phosphatase function as
catalytically deficient PTEN can also partially restore the stability of mitotic spindle poles
[23]. It is possible that the maintenance of mitotic spindle pole integrity and stability
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requires multiple PTEN pathways including the AKT-y-tubulin/PLK1-PTEN pathway [46]
and the PTEN-EG5 or PLK1-PTEN-DLG1-EG5 pathway [22].

Proper chromosome disjunction and cytokinesis to avoid polyploidy: limiting
PLK1 activity by PTEN—PLKU1 is a versatile kinase that controls various mitotic
functions during cell division, including spindle bipolarity, mitotic entry and exit, as well as
cytokinesis [50]. In addition to the involvement in the AKT-y-tubulin/PLK1-PTEN [46] and
PLK1-PTEN-DLG1-EG5 [22] pathways of spindle pole regulation, PLK1 also serves as a
PTEN target to control mitotic exit and cytokinesis [24]. Loss of PTEN results in elevated
expression and phosphorylation levels of PLK1, with concomitant phenotypes of
chromosome non-disjunction, cytokinesis failure, and polyploidy. Moreover, PTEN-null
cells or cells with a phospho-mimicking form of PLK1 exhibit resistance to mitotic spindle
poisons [24]. These observations support a hypothesis that PTEN may suppress PLK1-
mediated defects of cell division and acquisition of a survival advantage. As expected, PTEN
reduces PLK1 phosphorylation and phosphorylation-dependent protein stability to prevent
chromosome non-disjunction and polyploidy. Additionally, chemical inhibition of PLK1 or
ectopic expression of non-phosphorylatable PLK1 rescues PTEN-null cells from
polyploidization and improves their sensitivity to anti-cancer drugs that target mitotic
spindles [24]. These data establish a PTEN-PLK1 pathway in controlling mitotic exit to
prevent polyploidy, which is distinct from the spindle pole regulatory pathways mediated by
the AKT-y-tubulin/PLK1-PTEN cascade or the PLK1-PTEN-DLG1-EG5 complex (Figure
4). Moreover, the identification of PLK1 and EG5 as signalling mediators of the PTEN
mitotic pathway has profound implications for therapeutic targeting of deregulated PTEN
signalling that occurs in many cancer patients.

Conclusions and outlook

Our understanding of PTEN as a guardian of the genome has grown significantly since its
nuclear function in protecting chromosome integrity was uncovered 10 years ago [17, 51].
The recent discovery of multiple PTEN pathways that contribute to faithful DNA replication
and chromosome segregation has provided profound insight into how cells rely on PTEN
signaling to transmit their genetic material with fidelity and efficiency. Although distinct
PTEN pathways exhibit functional preference, these pathways often converge and overlap in
regulating critical processes of genetic transmission. For example, PTEN may integrate its
functions in regulating both global chromatin structure and local fork activities to ensure
faithful DNA replication. Similarly, proper spindle assembly and chromosome segregation
may require both catalytic and non-catalytic activities of PTEN. Advances in imaging and
big data technologies now allow us to track the chromosome behavior with high resolution
and to systematically explore the protein interactome in the microenvironment of genetic
transmission. Using such approaches should allow tracing each stage of phase transition and
identifying new PTEN pathways and targets involved in controlling each transition stage.
Structural CIN results primarily from non-mitotic defects whereas numerical CIN is
generated mainly during mitosis. Nevertheless, both CIN types are tightly interconnected as
one can lead to the other (Figure 1). Further efforts are demanded to decipher the
relationship between structural and numerical CIN related to PTEN deficiency. Although we
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are starting to understand the multiple pathways and multifaceted roles of PTEN in
maintaining genomic stability, the relative contribution of each pathway to the tumor
suppressive function of PTEN remains to be defined and elucidated. Combined employment
of mouse models and patient specimens should help interrogate how distinct PTEN
pathways work in concert to ensure the fidelity and timely completion of genome

transmission.
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Figure 1.
A schematic diagram that summarizes the multifaceted PTEN functions in the nucleus and

the CIN consequences of PTEN loss.
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PTEN maintains chromosome integrity (A) and chromatin condensation (B). A: PTEN is
associated with centromeric proteins such as CENP-C to protect centromere stability. Loss
of PTEN causes centromeric breakage, manifested by centromeric and acentric fragments
[17, 25]. B: PTEN interacts with histones and non-histone chromatin architectural proteins

to maintain a condensed chromatin structure. Loss of PTEN results in disruption of

chromatin anchorage of histone H1 and non-histone heterochromatin protein HP1a and

induces histone H4 acetylation. Hyperacetylation of histone H4 impairs the interaction

between PTEN and chromatin components and deteriorates chromatin decondensation,

which constitutes a positive feedback loop [27].
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Figure 3.
PTEN controls the DNA replication machinery. PTEN functions at the DNA replication fork

to maintain a baseline level of fork progression in the absence of acute exogenous
perturbation [19]. In response to replication stress, PTEN interacts with single-strand DNA
(ssDNA\) binding protein RPA1 to stabilize DNA replication forks [21] and recruits Rad51 to
promote reactivation of stalled forks [19]. In addition, PTEN is required for the functionality
of the intra-S checkpoint [19] and the MCM2-mediated coordination of DNA helicase with
polymerase [20] to prevent uncontrolled DNA replication licensing and unscheduled G2/M
transition.
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Figure 4.
PTEN controls the mitotic machinery by maintaining normal architecture of the mitotic

spindle and promoting high-fidelity chromosome alignment and segregation. In the absence
of PTEN, aberrant phosphorylation of AKT mediates increased cellular repository of both
v-Tubulin and PLK1, leading to centrosome amplification [46]. Loss of PTEN phosphatase
function results in hyperphosphorylation of PLK1 and EG5, which causes spindles
shortening, spindle pole fragmentation, chromosome misalignment and non-disjunction,
polyploidy, as well as mitotic catastrophe [23, 24]. Depletion of the PTEN C-terminal PDZ
binding domain impairs the formation of a PLK1-PTEN-DLG1-EG5 complex on
prometaphase centrosomes, leading to a reduction of centrosome movement [22]. Therefore,
PTEN promotes mitotic spindle assembly and stability by facilitating the formation of a
protein complex associated with centrosome maturation [22] and by suppressing
phosphorylation of multiple proteins responsible for mitotic defects associated with PTEN
loss [23, 24, 46].
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