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The tumor suppressor phosphatase and tension homolog (PTEN) is frequently mutated in
human cancers, and it functions in multiple ways to safeguard cells from tumorigenesis. In
the cytoplasm, PTEN antagonizes the PI3K/AKT pathway and suppresses cellular proliferation
and survival. In the nucleus, PTEN is indispensable for the maintenance of genomic stability.
In addition, PTEN loss leads to extensive changes in gene expression at the transcriptional
level. The linker histone H1, generally considered as a transcriptional repressor, binds to the
nucleosome to form a structure named the chromatosome. The dynamics between H1 and
chromatin play an important role in determining gene expression. Here, we summarize the
current understanding of roles of PTEN in controlling chromatin dynamics and global gene
expression, which is crucial function of nuclear PTEN. We will also introduce the recent
discovery of the PTEN family members and their functions.

I t has been adequately indicated that the tumor
suppressor phosphatase and tension homolog
(PTEN) antagonizes the PI3K/AKT/mTOR sig-
naling cascade in the cytoplasm, inhibiting cell
proliferation and cell survival (Maehama and
Dixon 1998; Stambolic et al. 1998). PTEN has
long been thought to reside exclusively in the
cytoplasm, and the first papers describing its
presence in the nuclear compartment were in
primary neurons and endothelial cells (Sano
etal. 1999), as well as myoepithelial cells of nor-
mal breast ducts (Perren et al. 1999). In 2007,
Shen et al. reported that PTEN is localized in
nucleus and maintains chromosomal integrity
(Shen et al. 2007). Since then, functions of nu-
clear PTEN have been greatly expanded to
DNA- and chromatin-related events, including

regulation of genomic stability, DNA replica-
tion, DNA repair, and cell-cycle progression
(Planchon et al. 2008; Hou et al. 2017). Howev-
er, molecular mechanisms of how PTEN is shut-
tled to the nucleus are still not fully understood.
Because the PTEN protein lacks either a classical
nuclear localization signal (NLS) or nuclear ex-
port signal (NES) motif, several mechanisms of
its shuttling have been proposed, including sim-
ple diffusion (Liu et al. 2005), active shuttling by
the RAN GTPase (Gil et al. 2006) or major vault
protein (MVP) (Chung et al. 2005), phosphor-
ylation-dependent shuttling (Planchon et al.
2008), and monoubiquitylation-dependent im-
port (Trotman et al. 2007). Recently, SUMOyl-
ation has also been reported to control PTEN
nuclear localization (Bassi et al. 2013). Nuclear
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PTEN plays an important role in tumor sup-
pressing, and the absence of nuclear PTEN is
associated with increased aggressiveness in can-
cers (Gimm et al. 2000; Baker 2007). Therefore,
it is of great importance that we summarize the
latest research progress on functions of nuclear
PTEN, especially the interplay with histones on
chromatin and gene expression resulting in
biological and pathological activities.

DYNAMICS OF CHROMATIN STRUCTURE

In eukaryotes, the 2 m of genomic DNA is com-
pactly intertwined and bound to histone proteins,
and together they form a fibrous architecture
named “chromatin” (Kornberg 1974; Kornberg
and Thomas 1974). The fundamental unit of
chromatin is named the nucleosome, which con-
sists of ~147 bp of DNA wound around an oc-
tamer of core histones (two copies each of H2A,
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H2B, H3, and H4) and an additional variable
length of linker DNA (Arents and Moudrianakis
1993; Luger et al. 1997). Further packaging of
DNA involves a linker histone (H1) bound to
the nucleosome with ~10 bp of DNA at the en-
try/exit sites of the nucleosome core particle,
generating a second-level structure called the
chromatosome (Simpson 1978). Chromatin can
be either densely packed in the form of hetero-
chromatin, which is largely inaccessible to gene
transcription and hence harboring inactive genes,
or as open and accessible euchromatin, which
contains numerous active genes (Fig. 1A). This
dynamic, tightly controlled regulation of chro-
matin structure ensures timely, coordinated,
and appropriate gene expression. Chromatin
can be regulated by various means, including
modifications of DNA (Schiibeler 2015), modifi-
cations of histones (Tessarz and Kouzarides
2014), and architectural remodeling by protein
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Figure 1. Multiple levels of chromatin assembly. (A) The overlong DNA is highly compacted through association
with core histones to form nucleosomes, and then chromatosomes by histone H1 binding. Several aspects show a
great impact on chromatin dynamics (interconversion of euchromatin and heterochromatin), such as modifi-
cations of DNA, modifications of histones, and other protein complexes that interact with chromatin. (B)
Structural domains of the linker histone H1. Although the globular domain (GH1) is the only folded portion
of the protein in solution, all three domains are subjected to multiple posttranslational modifications (PTMs).
(NTD) amino-terminal domain, (CTD) carboxy-terminal domain.
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complexes (Clapier and Cairns 2009). These
mechanisms function individually and in concert
to modulate genome-wide topology and gene ex-
pression, thereby regulating cell differentiation,
cell division, and tissue and organism develop-
ment.

ROLE OF THE LINKER HISTONE H1 IN GENE
EXPRESSION AND CHROMATIN DYNAMICS

It is believed that the general role of core his-
tones is to condense DNA and reduce its acces-
sibility, resulting in the inhibition of transcrip-
tion in vitro (Lorch et al. 1987). However, in vivo
studies have revealed that the transcription reg-
ulation is largely dependent on the posttransla-
tional modification (PTM) of core histones and
have identified specific PTMs of core histones
that are related to either transcription activation
or repression (Eberharter and Becker 2002; Allis
and Jenuwein 2016; Izzo and Schneider 2016).
Proteins that add, recognize, and remove these
PTMs have also been identified and termed
writers, readers, and erasers, respectively (Tor-
res and Fujimori 2015).

In contrast to the knowledge about core
histones, much less is known about linker his-
tones in regulation of chromatin structure and
function. Histone H1 binds to nucleosomes and
shows a dynamic binding affinity for chromatin
(Bednar et al. 1998), which allows the modu-
lation of chromatin architecture and gene tran-
scription. Based on findings in Drosophila,
Tetrahymena, and other model organisms, it is
appreciated that histone H1 is generally a tran-
scriptional repressor (Ura et al. 1997), and stud-
ies of its structure and PTMs have provided
hints of how it achieves this function.

Histone H1 species consist of three domains:
the central globular domain (GH1, ~80 amino
acids), the short amino-terminal domain (NTD,
~35 amino acids), and the carboxy-terminal do-
main (CTD, ~100 amino acids) (Fig. 1B; Allan
etal. 1980). The GH1 domain is the only folded
portion of the entire protein in free solution and
is proposed to bind symmetrically to DNA on
the dyad axis (Ramakrishnan et al. 1993). The
NTD is disordered in free solution and does not
greatly affect chromatin condensation but is
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subject to PTMs that play a regulatory role in
H1 function (Allan et al. 1986). The CTD is also
disordered in free solution and is assumed to
play an important part in chromatin condensa-
tion (Hendzel et al. 2004).

The linker histone H1 undergoes various
PTMs, including phosphorylation, acetylation,
methylation, and ubiquitination. In addition,
H1 can undergo various other PTMs, such as
citrullination, formylation, denitration, ADP
ribosylation, carbonylation, and crotonylation
(Fig. 1B; Izzo and Schneider 2016). More than
150 histone-modifying proteins have been iden-
tified and their dysregulation can result in inap-
propriate activation or inactivation of genes
(Valencia and Kadoch 2019).

As with core histones H2A and H3, there are
also multiple variants of H1 histones in mam-
malian cells. Although linker histone subtypes
are redundant proteins in knockout mice (Fan
etal. 2003), suggesting no functional distinction
between subtypes, different tissues are charac-
terized by specific subtypes, and transitions in
subtypes are observed during embryonic devel-
opment (Terme et al. 2011; Li et al. 2012). H1.1
to H1.5 and the testis-specific H1t in humans
are expressed in a replication-dependent (RD)
manner, meaning that these H1 subtypes are
synthesized only during S phase, whereas H1.0
and H1x are replication-independent and can
be expressed in nonproliferating cells (Fyodorov
et al. 2018). Some functional distinctions be-
tween the RD subtypes have been observed in
gene expression regulation (Alami et al. 2003),
and a specific contribution of H1 subtypes to
other nuclear events, such as DNA methylation
(Fan et al. 2005) and cell-cycle disruption (San-
cho et al. 2008), have been shown.

Fluorescence recovery after photobleaching/
fluorescence loss in photobleaching (FRAP/
FLIP) experiments show that a large proportion
of the HI exchanges rapidly between sites on
euchromatin with an average residence time of
~4 min (Lever et al. 2000). This pattern is very
different from that of core histones, for which
almost no exchange is observed over the same
period of time. Therefore, the conditions for
generating a stable in vitro H1-containing chro-
matosome have not been achieved, and an
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understanding of how H1 is bound to the nu-
cleosome and how chromatin structures are
controlled to facilitate gene expression is greatly
needed (Crane-Robinson 2016).

Multiple Localizations and Functions of PTEN
Family Members

For more than 15 years since its discovery, PTEN
was thought to be a nonredundant tumor sup-
pressor gene with no variants or isoforms in
humans (Keniry and Parsons 2008). Although
it is well understood that germline mutations of
PTEN induce cancer predisposition in various
organs, PTEN dysfunction could also be an im-
portant factor in other diseases, such as diabetes
and nervous system diseases (Worby and Dixon
2014). It has long been thought that PTEN is so
multifunctional that this 403-amino acid (aa)
protein plays a role almost everywhere. How-
ever, this notion was challenged when a new
isoform of PTEN, PTEN-Long or PTEN«, was
independently discovered by two groups (Hop-
kins et al. 2013; Liang et al. 2014). In these stud-
ies, the new PTEN isoform was found to use a
noncanonical translation initiation codon CUG
to start translation on the canonical PTEN mes-
senger RNA (mRNA), resulting in a 173-aa ami-
no-terminal extended protein. These groups
found that with the amino-terminal extended
sequences, the localization of the protein was
changed; it could be secreted from cells and re-
enter adjacent cells to suppress cell proliferation
(Hopkins et al. 2013), or it could target mito-
chondria within cells and regulate energy me-
tabolism (Liang et al. 2014). Soon after that
discovery, in 2017, a third PTEN family mem-

ber, PTENR, was identified. Similar to PTENa,
PTENS used another noncanonical translation-
al initiation codon AUU to start translation and
resulted in a 146-aa amino-terminal extended
protein that localized predominantly in the
nucleolus and regulated pre-ribosomal RNA
(rRNA) synthesis (Fig. 2; Liang et al. 2017).

ROLE OF PTEN IN DNA REPLICATION
AND REPAIR

PTEN family members can be found in various
locations within cells, and both PTEN and
PTENP show nuclear localization. However,
the subnuclear localization of these two proteins
is quite different. PTEN is specifically localized
in the nucleolus, whereas PTEN is mostly local-
ized in the matrix. In the nucleus, PTEN is high-
ly interactive with DNA-binding proteins and
histones, and is crucial to the processes of DNA
replication, DNA repair, and DNA transcrip-
tion. In 2007, Shen and colleagues reported the
intranuclear localization of PTEN and showed
its colocalization with centromeres in mouse
embryonic fibroblasts (MEFs). These research-
ers found that within the nucleus, PTEN phys-
ically interacts with centromere-specific binding
protein C (CENP-C) to maintain chromosomal
stability (Shen et al. 2007). PTEN is also in-
volved in pathways of DNA double-strand break
(DSB) repair, which is accomplished by homol-
ogous recombination (HR) induced by Rad51.
PTEN also plays an indispensable role in DNA
replication via association with many replica-
tion-related proteins, such as replication protein
Al (RPA1) on DNA replication forks (Wang
et al. 2015) and minichromosome maintenance
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Figure 2. Structural and functional summary of the phosphatase and tension homolog (PTEN) family proteins.
PTENo and PTENR have a 173-aa and 146-aa extension, respectively, at the amino terminus of regular PTEN.
The differences in amino terminus of the PTEN family decides each protein’s subcellular location.
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complex component 2 (MCM2) (Feng et al.
2015) on replication stress. Replication fork-lo-
calized PTEN can physically interact with Rad51
following replication stress for the recovery of
stalled forks (Fig. 3; He et al. 2015). Therefore,
PTEN guards the genome by controlling multi-
ple processes of chromosome inheritance.

PTEN INTERACTS WITH HISTONE H1 AND
CONTROLS CHROMATIN CONDENSATION

Several lines of evidence have shown that the
PTEN status has an influence on global gene
expression (Matsushima-Nishiu et al. 2001; Li
et al. 2006), but the molecular mechanisms were
not well understood. More recently, Chen et al.
discovered an interplay between PTEN and the
linker histone HI1 as potential means of PTEN

PTEN in Chromatin Remodeling

impact on gene expression (Chen et al. 2014).
In this study, PTEN loss in MEFs leads to cu-
mulative errors of heterochromatin protein lo
(HPlo) foci formation, indicating impaired
structural organization of chromatin in the
nucleus. Further investigation using FLAG-
hemagglutinin (FH) tandem affinity purification
with ectopic PTEN followed by SDS-PAGE and
mass spectrometry analysis identified several
subtypes of histone H1 as PTEN-interacting
proteins and indicated that the C2 domain of
PTEN and the CTD of HI are responsible for
the interaction. Because the CTD of histone
H1 accounts for much of its binding affinity to
chromatin, PTEN loss leads to histone H1 dis-
sociation from chromatin and chromatin de-
condensation. Moreover, PTEN and histone
H1 were found to act cooperatively to repress

Figure 3. Role of phosphatase and tension homolog (PTEN) in DNA replication and repair. Nuclear PTEN
safeguards the genome in multiple ways. PTEN is involved in maintenance of centromere stability, DNA
replication progression, and DNA repair via homologous recombination through interaction with or regulation
of relative proteins, either dependent or independent of its protein kinase activity. (ssDNA) single-stranded

DNA.
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histone H4 acetylation at lysine 16, which is an
epigenetic marker for chromatin activation.
Microarray analysis of Pten-deficient MEFs re-
vealed a number of up-regulated genes, includ-
ing the oncogenes Kras, Braf, and Aktl; the
survival factors Bcl2 and Nfkb2; the estrogen
receptor Esrl; and the tumor invasion factor
Cd44 (Fig. 4A). This mechanism appears to be
a part of the cellular machinery that controls
global gene expression profiles through regulat-
ing DNA accessibility and hierarchical levels of
chromatin organization (Chen et al. 2014).

NUCLEAR PTEN BINDS TO HP1a. AND
MAINTAINS HETEROCHROMATIN
STRUCTURE

In 2015, a study by Gong and colleagues re-
vealed that PTEN could bind directly to hetero-
chromatin and to the resident heterochromatin
protein HP1ow. In PTEN knockout in cells, there
was a significant reduction in histone H3 tri-
methyl Lys 9 (H3K9me3) foci intensity, a hall-
mark of chromatin decondensation. Consistent
with this, Gong and colleagues found, using
quantitative real-time PCR (RT-qPCR), overex-
pression of satellite DNA following PTEN loss
in both mouse and human cells (Gong et al.
2015). This research, together with Chen’s
study, reveals the existence of a complex regula-
tory network based on the relationship between
PTEN, histones, and heterochromatin status,
which is integral to the control of gene expres-
sion (Fig. 4A).

PTEN REGULATES GLIOBLASTOMA
ONCOGENESIS THROUGH CHROMATIN-
ASSOCIATED COMPLEX OF DAXX AND
HISTONE H3.3

In addition to its association with the linker his-
tone and HPla, PTEN was recently shown to
form a complex with the histone chaperone
DAXX and the core histone H3.3 (Benitez
et al. 2017). DAXX binds to the unfolded
PTEN-hinge domain (amino acids 186-202),
whereas PTEN binds to the histone-binding do-
main of DAXX. The DAXX-H3.3 interaction
influences gene expression in several different

ways (Puto and Reed 2008; Wethkamp and
Klempnauer 2009; Wong et al. 2009; Goldberg
et al. 2010). Using RT-qPCR and anti-H3.3
chromatin immunoprecipitation (ChIP) ap-
proaches, four genes with an inverse correlation
between gene expression and H3.3 enrichment
in PTEN-deficient cells compared with that in
PTEN-WT cells were identified (CCND1, MYC,
FOS, and BCL2) (Benitez et al. 2017), suggest-
ing that PTEN represses oncogene expression
by recruiting H3.3 to chromatin. Additionally,
DAXX inhibition in glioblastoma patient-
derived glioma neurosphere (GBM-PDX) cul-
tures suppressed tumor growth and increases
survival, specifically in a PTEN-deficient back-
ground (Benitez et al. 2017). Therefore, the
PTEN-DAXX-H3.3 complex regulates gene
transcription and can be a new therapeutic tar-
get to revert tumorigenesis caused by the loss of
PTEN function in GBM (Fig. 4B).

CONCLUDING REMARKS

Nuclear PTEN maintains genomic stability
through multiple mechanisms. PTEN-null cells
show chromatin instability (CIN) and have
many manifestations of CIN, including centro-
mere breakage (Shen et al. 2007), spontaneous
elevation of replication stress (Wang et al. 2015),
failure of stalled fork recovery (Feng et al.
2015; He et al. 2015), checkpoint dysfunction
throughout all phases of the cell cycle (Weng
et al. 1999; Puc et al. 2005), genome-wide copy
number alterations (Sun et al. 2014), and global
chromatin decondensation (Chen et al. 2014;
Gong et al. 2015). The interplay of PTEN with
histone H1, HP1a, H3.3, and heterochromatin
sheds light on how this powerful tumor suppres-
sor influences expression of thousands of genes,
as well as the extent of chromatin condensation.
Despite this knowledge, much remains to be
elucidated regarding the structural basis behind
these interactions. Although the structure of
the nucleosome core particle at atomic resolu-
tion was solved more than a decade ago (Rich-
mond and Davey 2003), determination of the
structures of the chromatin-containing linker
histones has been very challenging. However,
important progress has been made in resolving
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Figure 4. Interplay between phosphatase and tension homolog (PTEN) and histones. (A) Interplay between
PTEN, H1, and heterochromatin protein lo. (HP1a). PTEN forms a complex with H1 and HP1o on chromatin,
which condenses the genome and represses oncogenic gene transcription. When PTEN is depleted in cells, H1
and HP1lo fall off the chromatin, leading to acetylation of H4 at K16 and chromatin decondensation, which
causes oncogenic gene transcription. (B) Interplay between PTEN and H3.3. PTEN interacts with H3.3 and its
chaperone DAXX, and anchors the complex on the chromatin to repress oncogenic gene transcription. On PTEN
deletion, the DAXX-H3.3 complex dissociates the chromatin, resulting in gene activation. DAXX inhibition
suppresses tumor growth through global H3.3 distribution changes on chromatin leading to up-regulation of
tumor suppressor genes and down-regulation of oncogenes. (nRNA) messenger RNA.
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higher-order chromatin structures, including
the crystal structure of the nucleosome-linker
histone complex at near-atomic resolution
(Zhou et al. 2015), the cryo-electron microscop-
ic (cryo-EM) structure of the 30 nm chromatin
fiber (Song et al. 2014), and the nuclear position-
ing of topologically associating domains (TADs)
(Geeven et al. 2015), revealing detailed interac-
tions between the linker histone and DNA in the
nucleosome. The nucleosome forms a transcrip-
tional barrier to RNA polymerase II (RNAPII)
progression, resulting in transcriptional inhibi-
tion. A very recent study solved the cryo-EM
structure of nucleosome-transcribing RNAPII
elongation complexes (ECs), revealing that tran-
scription elongation factors Elfl and Spt4/5
reshape the downstream edge of the EC and in-
tervene between RNAPII and the nucleosome.
These mediators facilitate RNAPII progression
through superhelical location SHL(-1) and sup-
press RNAPII pausing at SHL(-5), providing a
platform for various chromatin activities (Ehara
et al. 2019). In addition, “assay for transposase-
accessible chromatin using sequencing” (ATAC-
seq) has recently emerged as one of the most
powerful techniques for studying genome-wide
chromatin accessibility profiling (Buenrostro
et al. 2013). By using this approach to study
open chromatin under the regulation of PTEN
and histones, we will better understand how
PTEN regulates gene expression at the chromatin
level. In summary, combining our increasing
knowledge of the structure and principles of his-
tone and nucleosome organization and tech-
niques to evaluate whole genome-wide open
chromatin regions, the specific role of PTEN
in this elaborate and complex process will be
revealed and understood.
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