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ABSTRACT

The epigenetic state of chromatin is altered by
regulators which influence gene expression in re-
sponse to environmental stimuli. While several post-
translational modifications contribute to chromatin
accessibility and transcriptional programs, our un-
derstanding of the role that specific phosphorylation
sites play is limited. In cancer, kinases and phos-
phatases are commonly deregulated resulting in in-
creased oncogenic signaling and loss of epigenetic
regulation. Aberrant epigenetic states are known to
promote cellular plasticity and the development of
therapeutic resistance in many cancer types, high-
lighting the importance of these mechanisms to can-
cer cell phenotypes. Protein Phosphatase 2A (PP2A)
is a heterotrimeric holoenzyme that targets a diverse
array of cellular proteins. The composition of the
PP2A complex influences its cellular targets and ac-
tivity. For this reason, PP2A can be tumor suppres-
sive or oncogenic depending on cellular context.
Understanding the nuances of PP2A regulation and
its effect on epigenetic alterations can lead to new
therapeutic avenues that afford more specificity and
contribute to the growth of personalized medicine
in the oncology field. In this review, we summarize
the known PP2A-regulated substrates and potential
phosphorylation sites that contribute to cancer cell
epigenetics and possible strategies to therapeuti-
cally leverage this phosphatase to suppress tumor
growth.

GRAPHICAL ABSTRACT

INTRODUCTION

Aberrant epigenetic regulation of the cancer genome con-
tributes to a wide range of phenotypes, including thera-
peutic resistance and cellular plasticity (1). In normal cells,
control of gene expression through epigenetic regulatory
mechanisms allows for rapid cellular responses to various
microenvironmental signals. However, oncogenic mutations
can significantly alter the epigenetic state of cells, leading
to extensive chromatin remodeling, aberrant activation of
oncogenes or repression of tumor suppressor genes. These
alterations can further contribute to therapeutic resistance
and increased survival under unfavorable conditions (2).
Further, epigenetic plasticity (either restrictive or permis-
sive) can significantly influence tumorigenic phenotypes, in-
cluding cell state (e.g. epithelial-to-mesenchymal transition
[EMT]) and intratumoral heterogeneity (2,3). Given that
epigenetic dysregulation frequently occurs in tumors and
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significantly contributes to oncogenesis, the therapeutic in-
hibition of epigenetic pathways that control genome acces-
sibility has shown great clinical promise (4). However, many
questions remain regarding the mechanisms that contribute
to cancer cell epigenetic states.

In addition to specific DNA sequences that influence gene
transcription, there exists a higher order structure to the
genome that provides an additional layer of regulation to
maintain cellular homeostasis. The nucleosome comprises
DNA wrapped around a histone octamer (two copies of
H2A, H2B, H3 and H4), which shields the associated DNA
from the transcriptional machinery. Reversible epigenetic
marks, such as DNA methylation or posttranslational mod-
ifications (PTMs) on histones, allow for dynamic changes
in the genome without altering the DNA sequence. In re-
sponse to repressive epigenetic marks, histones will con-
dense to form heterochromatin, or ‘silent’ chromatin re-
gions. Active epigenetic marks help direct remodeling com-
plexes to specific sites of DNA to displace histones and
expose critical coding regions, providing additional secu-
rity that only genes in euchromatic, ‘active’ chromatin re-
gions are readily expressed. Densely packed regions of chro-
matin are moved to the nuclear lamina to make room for the
transcriptional machinery within areas of open chromatin.
This dynamic spatial organization, or 3D architecture, gen-
erates topologically associated domains (TADs) within the
nucleus. During tumorigenesis, the epigenetic regulation of
these various chromatin states is frequently altered, signif-
icantly contributing to cancer phenotypes and therapeutic
response (5–7). However, the mechanisms that regulate this
balance are highly complex and context dependent, making
the identification of specific epigenetic alterations challeng-
ing.

There is a diverse array of cellular complexes that balance
the deposition, reading, and removal of epigenetic marks to
rapidly alter gene expression based on changes in the cellu-
lar environment. These epigenetic modifiers can be divided
into three main categories: ‘readers’, ‘writers’ and ‘erasers’.
Epigenetic ‘writers’ and ‘erasers’ deposit or remove epige-
netic marks, such as methylation, on DNA and histones
(5,8). Epigenetic ‘readers’ interpret deposited marks and ei-
ther recruit transcriptional co-factors or additional chro-
matin remodeling complexes to specific sites of DNA (5).
Together, these modifiers function in a delicate balance to
maintain normal gene expression. Epigenetic dysregulation
disrupts this balance, contributing to the abnormal activa-
tion of oncogenic signaling networks and initiation of tu-
morigenesis (9). There is a growing body of research indi-
cating that the epigenetic state of cancer cells is significantly
impacted by protein phosphorylation (10–13). Kinases and
phosphatases rapidly and reversibly modify proteins in re-
sponse to cellular stimuli, ultimately altering protein activ-
ity, localization and binding partners. Critical phosphory-
lation sites have been identified on epigenetic modifiers and
histones that impact their function and/or cellular localiza-
tion. However, the specific contribution of these phospho-
rylation sites is still poorly understood.

Kinase inhibitors have been a primary focus for anti-
tumor therapeutics contributing to the rise in personal-
ized medicine (14). However, phosphatases play a signifi-
cant and underappreciated role in suppressing oncogenic

signaling and are emerging as novel targets for therapeu-
tic compounds (15,16). Protein Phosphatase 2A (PP2A) is
a serine/threonine phosphatase that accounts for approxi-
mately 50% of global phosphatase activity (17). The PP2A
holoenzyme is composed of three subunits: the scaffolding
(A), regulatory (B) and catalytic (C) subunits. While the A
and C subunits only contain two different isoforms, the B
subunit contributes to a majority of PP2A’s functional di-
versity with 16 characterized B subunits, many of which
contain additional splice variants (15). This array of sub-
units enables the formation of over 90 distinct and poten-
tially functionally diverse holoenzymes (18). As a whole,
the PP2A holoenzyme is categorized as a tumor suppressor
due to its negative regulation of many common oncogenes
including c-MYC, BCL2, ERK and AKT (19–22). Consis-
tent with this role, PP2A activity is often suppressed in can-
cer (23,24). Of all the PP2A subunits, PPP2R1A, the PP2A
A� scaffolding subunit, has the highest mutation rate oc-
curring in ∼1% of all cancers (25). These mutations sup-
press global PP2A activity by disrupting B or C subunit
binding and have been shown to drive transformation and
tumor growth (26,27). Similarly, the epigenetic silencing of
the PP2A B subunit, B55� (PPP2R2B), through DNA hy-
permethylation results in similar phenotypes, further sup-
porting an important role for PP2A in oncogenesis (28,29).
While genetic/epigenetic loss of PP2A function does oc-
cur and represents an interesting biomarker for aggressive
disease, it is relatively rare and not the primary mecha-
nism by which cancer cells inhibit PP2A activity (24). In-
stead, tumor cells negatively regulate the PP2A holoenzyme
through aberrant expression of endogenous inhibitors and
PTMs, which alter PP2A activity, composition, and sub-
cellular localization (30). As a variety of epigenetic regu-
lators have been identified as PP2A targets (Table 1), the
dysregulation of PP2A can significantly impact gene tran-
scription, genomic instability and post-translational signal-
ing during oncogenesis. In light of these findings, the ther-
apeutic re-activation of PP2A has emerged as a novel anti-
tumor strategy to mitigate oncogenic signaling on multiple
levels. Several compounds have been identified to have indi-
rect PP2A activating properties (e.g. FTY720), and small
molecules that directly target the PP2A holoenzyme (e.g.
SMAPs and iHAPs) are quickly taking the spotlight. How-
ever, recent studies have identified pro-tumorigenic roles for
specific PP2A subunits, indicating that PP2A inhibitors (e.g.
LB100) may also have a place in the clinic (Table 2).

The function of PP2A and its contribution to tumorige-
nesis is highly dependent on the composition of the PP2A
holoenzyme. Here, we review the complex mechanisms by
which PP2A regulates the epigenetic state of cancer cells
and potential ways to leverage this activity for anti-cancer
therapeutics.

REGULATION OF HISTONE AND CHROMATIN DY-
NAMICS BY PP2A

The loss of normal chromatin regulation leads to irregular
nuclear morphologies, heterochromatin redistribution and
deregulated transcriptional programs, emphasizing the im-
portance of understanding how chromatin states are dy-
namically regulated (31). Chromatin remodeling requires a
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Table 1. Epigenetic targets of PP2A.

PP2A Target Associated B-Subunit S/T Residue
Opposing
Kinase(s) Effect of Dephosphorylation References

PRR14 B56a contains SLIM motif
and may interact with
other B56 family members

S242, T266,
T270, S277

Not determined Promotion of proper
localization of
heterochromatin to nuclear
periphery

(39)

H3 Not determined S10 AURKA,
AURKB, IKK�,
JNK, AKT1,
MAP3K8,
MSK1/2, PIM1

Decreased output of MYC
and MYC-related gene
targets; Decrease in cell
proliferation

(54,57,185)

Lamin A/C Possibly B56 family
members as
phosphorylation status
changes in response to
CIP2A expression

S22, S628 CDK1/CyclinB Head-to-tail polymerization
of Lamin A/C, proper
Lamin distribution at
nuclear envelope

(41–43)

BRD4 Not determined S484/S488 CK2 Nuclear localization;
Negative regulation of
BRD4-associated gene
transcription

(68,69)

SWI/SNF Possibly B55�, only
identified in C. elegans

Not
determined

ERK1 Activation of SWI/SNF
complex activity, Mitotic
Exit

(186,187)

HDAC2 Not determined S394 CK2�1 Negative regulation of
hypertrophic response in
cardiomyocytes

(188)

HDAC4 B55� S298, S246,
S467, S632

PKCε, SIK1,
SIK2, CaMKII,
PKD

Negative regulation of
interaction with 14-3-3;
Nuclear import of HDAC4;
Fibroblast differentiation;
Increased glucose uptake;
amelioration of neuropathic
allodynia; promotes
neuronal apoptosis

(76,95,101,189–
194)

B56 Not
determined

Not determined Ensures proper
chromosomal segregation
during mitosis in p53-null
cells

(77)

HDAC5 B55� S259, S279,
S498

SIK1, CaMKII,
PKD, PRK1

Nuclear localization;
Negative regulation of
interaction with 14-3-3

(78,81,189,193–
196)

HDAC7 B55� S155, S181,
S321, S449

PRK1 Negative regulation of
interaction with 14-3-3;
Proper endothelial vessel
formation

(75,80,196)

PRMT1 Not determined S297 Not determined Inhibition of PRMT1
activity; Decreased
methylation of H4
(H4R3me2); HBV-mediated
inhibition of INF-� response

(113–115,197)

PRMT5 Not determined S355 Not determined Inactivation of PRMT5
methyltransferase activity

(120)

H2A.X B56ε S129 ATM Antagonizes DNA damage
repair initiation; promotes
DNA damage resolution

(115,116,198,199)

TET2 B55� S99 AMPK Antagonize stability of
TET2

(128)

RNA Pol II Integrator INTS8, INTS6 S2, S5, S7 CDK9 Negative regulation of
transcriptional initiation and
elongation

(131,132)

SPT5 Integrator INTS8 S666 CDK7, CDK9 Impaired ‘pause, release’
mechanism of RNA Pol II

(141)
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Table 2. Therapeutic modulators of PP2A activity.

PP2A modulators Target Phosphatase activity Ongoing Clinical Trials Application References

Ceramide SET Activating NCT04716452: Phase I Acute Myeloid Leukemia (150,151,200)
FTY720 (Fingolimoid) SET Activating NCT03941743: Phase I Breast Cancer (201,202)

FDA Approved Multiple Myeloma
FDA Approved Mantle Cell Lymphoma
NCT05137860: Phase IV Acute Lymphoblastic

Leukemia
Bortezomib CIP2A Activating NCT01371981: Phase III Acute Myeloid Leukemia (203–205)

NCT03509246: Phase II Ovarian Cancer
NCT01142401: Phase II Breast Cancer
NCT00479128: Phase I Urothelial Cancer

LB100 PP2Ac Inhibiting NCT03027388: Phase II Glioblastoma (174,206)
NCT04560972: Phase I Small Cell Lung Cancer

OP499 SET Activating Pre-clinical (50,201,207)
iHAP1 PP2A-B56ε Activating Pre-clinical (169)
DT061 PP2A-B56�,

PP2A-B55�
Activating Pre-clinical (169–

171,173,208,209)

coordinated effort between epigenetic regulators and tran-
scriptional complexes and is largely regulated through epi-
genetic marks within the c-terminal tails of core histones.
These marks include acetylation, methylation, ubiquitina-
tion and phosphorylation; However, the full impact of pro-
tein phosphorylation on the dynamics of chromatin archi-
tecture and chromatin reorganization is understudied and
still being explored in the field (13).

Chromatin architecture

Heterochromatic regions are formed in response to repres-
sive histone modifications, such as histone H3 lysine 9 di-
and trimethylation (H3K9me2/me3) (32,33). These marks
promote the sequestration and anchoring of heterochro-
matin to the nuclear lamina and is driven through the inter-
action between chromatin and intermediate filament pro-
teins or nuclear Lamins (Lamin A, Lamin C, Lamin B1
and Lamin B2) (34). Importantly, this higher-order struc-
ture plays a critical role in the regulation of gene transcrip-
tion.

Functionally, nuclear Lamins are critical for maintain-
ing proper nuclear architecture and tethering heterochro-
matin. Genes located within these Lamin-associated do-
mains at the nuclear periphery exhibit significantly reduced
transcriptional levels compared to genes at more central lo-
cations (35). Recently, the Proline-Rich Protein 14 (PRR14)
was discovered to have a Lamin binding domain (LBD) and
associate with heterochromatin protein 1 (HP1) to sequester
heterochromatin to the nuclear lamina during interphase
and mitotic exit (36). Genetic knockdown of PRR14 results
in abnormal nuclear morphologies similar to those seen in
cancer cells, suggesting that the localization of heterochro-
matin to the nuclear lamina through PRR14–HP1 interac-
tion is critical for proper chromatin organization. Dunlevy
et al. demonstrated that PRR14 contains a conserved short
linear motif (SLiM) consistent with PP2A-B56 substrates.
This SLiM motif drives the association of PRR14 and
PP2A complexes containing B56� (PP2A-B56�) (37,38).
PRR14 interaction with PP2A-B56� results in the dephos-
phorylation of the PRR14 LBD, allowing PRR14–HP1 in-
teraction and localization of heterochromatic regions to the
nuclear lamina (Figure 1A) (37,39). Ablation of the PP2A

Figure 1. PP2A regulates heterochromatin localization and prevents eu-
chromatic gene expression. (A) PP2A dephosphorylates heterochromatin-
bound PRR14 to allow HP1–PRR14 interaction and sequestration of het-
erochromatin to the nuclear lamina. (B) PP2A dephosphorylates free nu-
cleoplasmic Lamins to promote Lamin polymerization at the nuclear pe-
riphery. (C) CIP2A and MYC bind nuclear pore proteins to promote the
rapid expression of MYC-dependent genes within associated euchromatin.
CIP2A is a known inhibitor of PP2A activity, thereby repressing the ability
of PP2A to regulate MYC.

SLiM resulted in a redistribution of PRR14 to the nucle-
oplasm, suggesting that PP2A is a key regulator of hete-
rochromatin spatial organization within the nucleoplasm.

Additionally, direct phosphorylation of Lamin proteins
during mitosis promotes depolymerization and breakdown
of the nuclear lamina so that cells may properly undergo
cell division (40). Both PP2A and protein phosphatase 1
(PP1) are required for the dephosphorylation of Lamin pro-
teins and the subsequent reassembly of the nuclear envelope
(40,41). Phosphorylation of Lamin A/C at serine 22 (pS22)
by protein kinases, such as Protein Kinase C and Cyclin De-
pendent Kinase 1, results in Lamin depolymerization and
nucleoplasmic localization (40). This dynamic turnover has
been implicated in several cancer processes independent of
mitosis (40). Interestingly, nucleoplasmic Lamin has been
shown to localize to specific promoters to increase gene
transcription (42). This unique cellular function is regulated
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by the Lamin phosphorylation state, suggesting that there
exists a more complex role for Lamins in cancer where phos-
phatases and kinases are dysregulated. Knockdown of the
PP2A A subunit in HeLa cells results in a ten-fold increase
in two major phosphorylation sites of Lamin A/C, pS22
and pS628 (41), resulting in nucleoplasmic localization (43).
Correct Lamin distribution is important for proper seques-
tration and silencing of heterochromatic regions; therefore,
these results indicate that PP2A suppression may lead to a
spatial redistribution of chromatin and expanded gene tran-
scription (Figure 1B). Cancer cells often exhibit atypical nu-
clear morphologies including increased nuclear to cytoplas-
mic ratio and irregular nuclear shape as a result of abnormal
distribution of lamina and chromatin (44). Given the impor-
tance of phosphorylation in the breakdown and reassem-
bly of nuclear lamina, phosphatase deregulation may signif-
icantly contribute to these abnormal nuclear morphologies.

Chromatin organization and transcriptional regulation

In addition to anchoring heterochromatic regions, Lamins
also contribute to the distribution of nuclear pore com-
plexes (NPCs) across the membrane and the transcrip-
tional regulation of genes associated with these structures.
Although the majority of DNA associated with the nu-
clear lamina is heterochromatic, the regions surrounding
the NPC are commonly euchromatic and highly tran-
scribed (45). NPC-associated genes have been implicated as
immediate-early genes (IEGs) which are rapidly transcribed
in response to cellular stimulus and are often oncogenic in
nature (46). The proto-oncogene c-MYC (MYC) is a tran-
scription factor and an IEG that regulates a wide range of
genes. The active, phosphorylated form of MYC has been
shown to associate with several NPC proteins, including
nucleoporins TPR and Nup153 (47,48). The localization
of MYC to this region is associated with a more accessi-
ble chromatin state and increased expression of genes in-
volved in migration, proliferation and survival (48). Aber-
rant MYC expression and/or activation can drive tumori-
genesis in most tissue types, highlighting the importance
of MYC regulatory pathways. Therefore, to prevent MYC
from becoming oncogenic, its activity and expression are
highly regulated at the transcriptional, translational and
post-translational levels (49). PP2A-B56� negatively regu-
lates a critical MYC phosphorylation site serine 62, which
is responsible for MYC’s post-translational stability and
activity (20,48,50). Further complicating the role of phos-
phatases in MYC function, PP2A-B55� positively regulates
MYC protein activity and stability through threonine 58
(51). As PP2A likely localizes to the nuclear lamina, PP2A
may be an essential regulator of MYC activity at the NPC
(Figure 1C) (47,48). Consistent with this hypothesis, the
PP2A inhibitor, Cancerous Inhibitor of PP2A (CIP2A), has
demonstrated co-localization with MYC and Lamin A/C at
the NPC (47). However, CIP2A has been identified to only
interact with PP2A complexes that contain B56 family sub-
units (52). Therefore, only PP2A-B56�, not PP2A-B55�,
can be sequestered through CIP2A binding. The presence
of CIP2A and MYC at the NPC signifies that the tumor
suppressive activity of PP2A-B56� is likely inhibited, po-
tentially promoting oncogenic signaling though a PP2A-

B55�-MYC axis. Moreover, knockdown of CIP2A prefer-
entially reduces phosphorylated, active MYC at the NPC
but has no effect on MYC phosphorylation within the nu-
cleoplasm (47). These studies set up a dynamic interplay be-
tween PP2A and MYC, where PP2A-B56 inhibition allows
for the rapid transcription of MYC target genes at the NPC.
This phenomenon implicates PP2A in regulating the spatial
organization of subnuclear transcriptional domains.

Together, these studies support a model where CIP2A-
mediated inhibition of PP2A at the nuclear periphery to fa-
cilitate the oncogenic activities of MYC. However, the PP2A
subunits that are involved in the process and the contri-
bution of Lamin A/C phosphorylation to association with
oncogenic phenotypes need to be further explored.

Histone-mediated transcription

Phosphorylation of histone H3 (H3) at the serine 10 residue
(pH3S10) provides a docking site for chromatin modifiers
and increases the acetylation of neighboring residues (53).
This PTM is commonly found at sites of active transcription
and contributes to the expression of IEGs including c-FOS,
c-JUN and MYC, indicating that phosphorylation at this
site may contribute to tumorigenesis (54–56). Phosphoryla-
tion of the H3S10 residue is elevated in RAS-transformed
cells and is associated with poor outcome in multiple can-
cers (57). Several kinases are known to contribute to the
phosphorylation of H3S10, including Aurora kinases, Mi-
togen and Stress activated protein Kinase 1/2 (MSK1/2),
and Proviral Integration site for Moloney murine leukemia
virus (PIM-1) kinase (Table 1) (57,58). In particular, PIM-
1 has been implicated in cancer proliferation, therapeutic
resistance, and contributes to tumorigenesis in multiple tis-
sues (59). Phosphorylation of H3S10 by PIM-1 significantly
increases the transcriptional activation of MYC, upregu-
lating approximately 20% of MYC transcriptional targets
and leading to oncogenic transformation (58,60,61). Given
the importance of pH3S10 to oncogenic transcription and
transformation, therapeutic methods to reduce this mod-
ification could have significant clinical benefit. Both PP1
and PP2A dephosphorylate the H3S10 site, providing an es-
sential balance to this PTM (54,60). Consistent with these
findings, inhibition of PP2A/PP1 by Okadaic Acid (OA) or
knockdown of A and C components of the PP2A holoen-
zyme promote chemical carcinogenesis by preventing PP2A
from dephosphorylating the H3S10 residue (54). In addi-
tion to H3S10 dephosphorylation, the PP2A-B56� holoen-
zyme also negatively regulates the stability of PIM-1 (60).
Knockdown of B56� leads to a 4-fold increase in PIM-1
half-life, implicating PP2A as a direct and indirect regula-
tor of the H3S10 phosphorylation site (60).

INTERPLAY OF PP2A AND CHROMATIN REMODEL-
ING COMPLEXES

PP2A is reported to alter the activity of chromatin re-
modeling complexes that regulate or ‘read’ histone epi-
genetic marks in addition to the direct dephosphoryla-
tion of histones. Aberrant regulation of PP2A holoenzyme
composition and activity alters the precise signaling that
methylation- and acetylation-associated complexes provide,
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further contributing to oncogenesis by indirectly influenc-
ing euchromatic region accessibility.

PP2A regulation of acetylation

Histone acetylation primarily results in the relaxation
of the chromatin and increased transcription of nearby
genes. Acetylation marks are added and removed by hi-
stone acetyltransferases (HATs) and histone deacetylases
(HDACs), respectively, which function in a coordinated ef-
fort to maintain normal transcriptional programs. While in-
creased acetylation is often associated with cancer, elevated
levels of HDAC activity can similarly contribute to tumor
phenotypes by silencing key tumor suppressor genes, such
as p53 (5,62,63). Despite the critical role of acetylases in reg-
ulating gene transcription, therapeutic inhibition of acety-
lases has shown limited clinical success as single agents (64).
This lack of efficacy is likely due to heterogeneous expres-
sion (65) and function of chromatin remodelers (66). The
cellular localization and activity of acetylation complexes
are controlled through phosphorylation, adding an addi-
tional layer of regulation to global transcriptional programs
and a potential mechanism by which cells can become re-
sistant to HAT/HDAC inhibition (67). Therefore, the use
of HAT/HDAC inhibitors may benefit from combinatorial
treatment with specific phosphatases that aid in the regula-
tion of acetylases.

‘Readers’ of acetylation

PP2A also regulates the activity of lysine acetylation ‘read-
ers’, including the Bromodomain and Extraterminal (BET)
protein, Bromodomain-containing 4 (BRD4). BRD4 ac-
cumulates at euchromatic regions to promote gene tran-
scription through the recruitment of transcription factors
to the transcription start site or as a part of super-enhancer
complexes (65). Phosphorylation of BRD4 by casein kinase
II (CK2) is reported to increase the association of BRD4
with activating acetylation marks, making hyperphospho-
rylation of BRD4 a correlate of poor prognosis in multiple
cancers (68–70).

Given the prominent role that BET proteins play in gene
transcription, a considerable amount of effort has gone into
the development of BET inhibitors with varying success.
In 2011, Delmore et al. unexpectedly demonstrated that
rather than global transcriptional repression, the BET in-
hibitor, JQ1, only modified the expression of a limited num-
ber of genes, indicating that specific genes displayed unique
susceptibility to BET inhibition. Of the affected targets,
the MYC super-enhancer was acutely reliant on BRD4-
dependent transcriptional activation (71). MYC contains
large intrinsically disordered regions and lacks tangible
binding pockets, making the direct therapeutic targeting of
this potent transcription factor challenging (72). Thus, BET
inhibitors opened a door to new MYC therapeutic strategies
(71).

While BET inhibitors have shown efficacy across var-
ious cancers, development of resistance was an immedi-
ate concern. As phosphorylation of BRD4 is counteracted
by PP2A (Figure 2A), suppression of PP2A can increase
BRD4 activation and resistance to BET inhibitors, includ-
ing JQ1 (41,73). Therefore, restoring PP2A activity may

be important for maximizing the therapeutic efficacy of
BET inhibitors. For example, the combination of the PP2A-
activating compound, perphenazine and JQ1 resulted in
a synergistic loss of triple negative breast cancer cell vi-
ability (69,73). In addition to the transcriptional control
of MYC, PP2A also directly post-translationally regulates
MYC protein stability (20). In cancer, PP2A activity is com-
monly suppressed, leading to increased MYC phosphoryla-
tion and transcriptional activity (74). Together, these stud-
ies place PP2A as a critical mediator of both epigenetic and
post-translational regulation of MYC during tumor pro-
gression.

‘Erasers’ of acetylation

Histone deacetylase (HDAC) complexes play an important
role in suppressing gene transcription by removing acetyla-
tion marks and promoting formation of heterochromatin.
Given that deregulation of HDAC activity can contribute
to either tumor suppressive or oncogenic signaling, proper
HDAC nuclear localization is extremely important for cellu-
lar homeostasis (11). Class IIa HDACs: HDAC4, HDAC5
and HDAC7 have all been reported to be substrates of
PP2A (75–78). Phosphorylation of these complexes creates
binding sites for the 14-3-3 chaperone proteins, sequestering
HDAC 4/5/7 to the cytosol (78–81). Dephosphorylation of
these sites by PP2A promotes the rapid nuclear localization
of HDACs and the suppression of respective target genes
(Figure 2B).

PP2A-mediated regulation of HDAC complexes greatly
depends on the composition of the PP2A holoenzyme (24).
In contrast to the known tumor suppressive role of the
B56� subunit, a growing number of studies indicate that
the B55� subunit may play a pro-oncogenic role (51,82–
86). Consistent with these findings, the PP2A-B55� holoen-
zyme has been shown to regulate angiogenesis by increasing
yes-associated protein 1 (YAP1) transcription in response to
vascular endothelial growth factor receptor (VEGFR) sig-
naling and drive the accumulation of hypoxia inducible fac-
tor 1 subunit alpha (HIF1a) (84,87). Additionally, PP2A-
B55� has been implicated in promoting endothelial vas-
cular integrity and proper lumen architecture by posi-
tively regulating HDAC7 nuclear import and promoting
HDAC7-dependent transcriptional programs (75,80). Al-
though these results implicate B55� in the positive regu-
lation of angiogenesis, treatment with the small molecule
inhibitor of PP2A, LB100, resulted in increased angiogene-
sis and vascular permeability in hepatocellular carcinoma
and pancreatic cancer (88,89). As LB100 is a ubiquitous
catalytic inhibitor of PP2A, this discrepancy highlights the
importance of understanding the individual contribution of
PP2A B subunits to tumor phenotypes.

HDAC4 signaling contributes to several cancer pheno-
types, including increased proliferation and suppression
of differentiation transcriptional programs (90). Although
HDAC4 nuclear localization by PP2A has been shown in
other cell types, the contribution of this interaction to tu-
morigenesis is not well characterized. HDAC4 promotes
proper chromosomal segregation during mitosis in p53-null
cancer cells (77). This function is in part dependent on the
interaction between HDAC4 and PP2A-B56�, a key regu-
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Figure 2. PP2A regulates proteins that contribute to acetylation and methylation of epigenetic targets. (A) PP2A dephosphorlates BRD4, preventing BRD4
from binding to acetylated residues and promoting gene transcription. (B) PP2A dephosphorylates HDAC 4/5/7 and prevents 14-3-3 binding, allowing
HDAC nuclear localization and subsequent deacetylation of histones. (C) High PP2A activity is correlated with low PRMT1/5 methylase activity at the
H4R3me2 methylation site. The impact of this regulation on gene transcription is cancer dependent. (D) PP2A dephosphorylates TET2 and reduces TET2
stability. This action antagonizes efficient methylcytosine removal.

lator of the metaphase-to-anaphase checkpoint of mitosis
(91–94). Consistent with PP2A’s regulation of HDAC func-
tion, loss of PP2A-B56� expression resulted in chromoso-
mal segregation defects and phenocopied HDAC4 knock-
down. However, the direct impact of altered PP2A-B56�
function on HDAC4 localization and transcriptional pro-
grams is unknown. It is plausible that decreased PP2A ac-
tivity combined with genetic loss of p53 may lead to the
propagation of cells with a high degree of genomic instabil-
ity, ultimately promoting tumorigenesis, but further studies
are needed.

Regulation of HDAC4 by PP2A has also been shown
to impact the differentiation state of fibroblasts (95). Re-
programming of fibroblasts by tumor cells has emerged
as a critical component of tumor biology, with infiltration
and activation of fibroblasts contributing to proliferation,
metastasis and therapeutic resistance in several cancer types
(96–99). In response to extracellular signals such as trans-
forming growth factor beta (TGF�), fibroblasts can take
on a myofibroblastic phenotype, displaying increased ex-
pression of alpha smooth muscle actin (�SMA) and extra-
cellular matrix proteins (100). This reprogramming is de-
pendent on the nuclear localization of HDAC4, as knock-
down of HDAC4 prevents TGF�−induced �SMA expres-
sion and the suppression of PP2A rescues this phenotype
(95,100,101). PP2A activating compounds have been shown
to reduce oncogenic signaling in cancer cells; however, this
phenomenon may not be true in fibroblasts. PP2A activa-
tion in cancer associated fibroblasts (CAFs) may further
promote oncogenic activities of HDAC regulation given
that activation of CAFs can positively contribute to fibro-
sis. This event can further complicate therapeutic treat-
ment and stresses the importance of understanding PP2A
holoenzyme- and tissue-specific function.

PP2A regulation of methylation

Histone methylation marks are extremely diverse in func-
tion and can be associated with promotion or inhibition of

gene transcription. The role of each methylation mark de-
pends on the genomic site, the presence of other neighbor-
ing histone PTMs or epigenetic marks, as well as the number
of methyl groups deposited on any given residue (mono-,
di-, tri-methylation) (8). Similar to phosphorylation and
acetylation, the methylation of various histone residues
is regulated by methyltransferases and demethylases that
work in tandem to maintain homeostatic gene expression.
Importantly, mutation or dysregulation of these complexes
can lead to transformation and tumorigenesis (102,103).

‘Writers’ of histone methylation

While methylation of lysine residues (K) is more common,
the field of arginine (R) methyltransferases has significantly
expanded within the past decade. There are three subclasses
of protein arginine methyltransferases (PRMTs): (i) asym-
metric dimethylarginine (ADMA), (ii) symmetric dimethy-
larginine (SDMA) and (iii) monomethyl arginine (MMA)
(103). All PRMTs deposit monomethyl marks, but sym-
metrical or asymmetrical dimethylation is dependent on the
specific PRMT class, adding another layer of complexity to
the signaling (104). PRMTs dynamically contribute to the
co-activation or co-repression of genes by promoting the re-
cruitment of transcription factors or other epigenetic com-
plexes (105).

PRMT1 is the predominant ADMA methyltransferase,
accounting for approximately 85% of total arginine methyl-
transferase activity (106). PRMT1 primarily asymmetri-
cally dimethylates the H3R4 residue (H3R4me2a), which is
associated with transcriptional activation (107,108). High
levels of H3R4 methylation have been positively correlated
within tumor grade and risk of recurrence in prostate cancer
(109). Additionally, PRMT1 has oncogenic roles in colorec-
tal cancer, breast cancer and pancreatic cancer (110–112).
PP2A has been reported to negatively regulate PRMT1
through dephosphorylation at S297, supporting a possible
tumor suppressive role for PP2A in the context of PRMT1
regulation (113). However, in Hepatitis C (HepC)-induced
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hepatocellular carcinoma (HCC), PP2A activity is upreg-
ulated in the presence of the HepC virus, aiding in viral
replication and paradoxically promoting tumorigenesis of
HepC-HCC (114). The combination of high PP2A activity
and low PRMT1 activity in HepC-HCC has also been im-
plicated in promoting anchorage independent growth and
clonogenic proliferation through dysregulation of histone
H4R3 methylation (Figure 2C) (115,116). Further, a follow-
up study determined that the inhibition of PP2A with
LB100 enhanced the effect of chemotherapies in HepC-
HCC, potentially pointing to a unique role for PP2A in this
tumor type (115). Although the specific PP2A B subunits
responsible for these phenotypes were not explored, these
results implicate PP2A in a novel pro-tumorigenic role in
HepC-HCC.

PRMT5 is the predominant SDMA methyltransferase
and is generally associated with gene repression (103). There
is an abundance of evidence suggesting that PRMT5 plays
an oncogenic role in many cancers such as prostate cancer,
pancreatic cancer, and colorectal cancer (117–119). In adult
T-cell leukemia (ATL), PP2A has been reported to nega-
tively regulate PRMT5 through the dephosphorylation of
S355. This interaction is mediated by N-MYC downstream
regulated gene (NDRG2), which acts as an adaptor be-
tween PRMT5 and PP2A (120,121). When NDRG2 expres-
sion is low, PRMT5 is reported to promote cell growth and
prevent apoptosis (120). Therefore, PP2A-activating com-
pounds may be effective in cancers with functional NDRG2
and may synergize with PRMT5 inhibiting compounds,
while NDRG2 deletions may render this strategy ineffective.
Conversely, in glioblastoma, PRMT5 exhibits a tumor sup-
pressive role, while NDRG2 is reported to have oncogenic
properties (122,123). Consistent with the findings, treat-
ment of glioblastoma with PP2A-inhibitor LB100 has an
anti-tumor effect in the context of PRMT5 regulation (122).
Therefore, while the mechanism by which PP2A regulates
PRMT5 is the similar, the biological outcome of this signal-
ing is contradictory between these two cancers and supports
the use of alternative therapeutic approaches.

‘Erasers’ of DNA methylation

In addition to histones, cytosine nucleotides can also be di-
rectly methylated. Methylated cytosine results in the even-
tual formation of large stretches of CpG islands, or areas
of dense DNA methylation, normally found at promoters
of actively repressed genes. Reversal of methylated cyto-
sine is a process that requires multiple oxidative reactions
by ten-eleven translocation (TET) proteins and conversion
to an abasic site that can be recognized for base excision
repair (124). The TET proteins predominantly function as
tumor suppressors and are important for sequential oxi-
dation of 5’-methylcytosine for restoration of the unmod-
ified cytosine base (125). The stability of TET proteins is
regulated by phosphorylation (126). AMP activated kinase
(AMPK) is reported to phosphorylate TET2 at serine 99
(S99), driving the interaction with 14-3-3 and increasing
global DNA 5-hydroxymethylcytosine levels. PP2A dephos-
phorylates TET2 at S99, antagonizing TET2 stability and
activity (Figure 2D) (127,128). The PP2A-TET2 interaction
is mediated specifically through the PP2A-B55� complex,

Figure 3. PP2A contributes to regulation of transcription as part of the
Integrator-PP2A (INTAC) complex. The PP2A A/C subunits bind to the
Integrator complex and promote dephosphorylation of S2/5/7 residues on
the tail of RNA Polymerase II in addition to SPT5. These actions prevent
efficient transcriptional initiation and elongation of RNA transcripts. IN-
TAC dephosphorylation of RNA Polymerase II and SPT5 is counteracted
by CDK9 phosphorylation.

consistent with an oncogenic role for this PP2A B subunit
(128). The importance of this phospho-regulation is under-
scored by the fact that mutations in TET2 often occur in
the S99 region (129), causing aberrant formation of CpG
islands and silencing of genes that are important for home-
ostatic regulation.

Direct transcriptional regulation

PP2A-integrator complex (INTAC). The canonical PP2A
heterotrimeric complex consists of an A/C dimer paired
with a regulatory B subunit, which dictates substrate speci-
ficity. Recently, multiple papers have been published de-
scribing a non-canonical PP2A holoenzyme called INTAC
in which the 14-subunit Integrator complex (130) displaces
canonical B subunits and directly associates with the PP2A
A/C heterodimer (131–133). Consistent with the character-
ized role of the Integrator complex (130,134), INTAC lo-
calizes to RNA polymerase II (RNA Pol II)-bound chro-
matin and exhibits both endonuclease and phosphatase ac-
tivity (131). Knockdown of the PP2A C subunit resulted in
a genome-wide increase in RNA Pol II phosphorylation at
Serine 2, 5 and 7 within the c-terminal tail and increased
the expression of genes targeted by INTAC activity (131).
Based on the canonical function of these residues, the phos-
phatase activity of the INTAC complex negatively regulates
both transcriptional initiation and elongation (Figure 3)
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(131). The role of phosphatases and PP2A-integrator func-
tion on transcriptional machinery was well summarized by
Cossa et al. earlier this year (135).

Cancer cells commonly maintain high levels of tran-
scription to accommodate increased proliferation rates and
oncogene-induced gene expression (136). This high tran-
scriptional output may represent a cancer-specific vulner-
ability that can be leveraged through activation of IN-
TAC complex activity. Cyclin Dependent Kinase 9 (CDK9)
promotes transcriptional elongation and increases mRNA
transcription through RNA Pol II phosphorylation at Ser-
ine 2 and 5 (137). Multiple types of solid and hematopoietic
malignancies are addicted to elevated transcription rates
and are, therefore, sensitive to CDK9 inhibitors (138–140).
It was recently discovered that the INTAC complex di-
rectly opposes CDK9 phosphorylation and that treatment
with a small molecule activator of PP2A (SMAP) syner-
gizes with CDK9 inhibition (132). In addition, SPT5, an
essential positive regulator of transcription and a target
of CDK9 phosphorylation, has also been observed to be
negatively regulated by the INTAC complex, further sup-
porting CDK9 inhibitor/PP2A activator synergy (Figure
3) (133,141). While CDK9 inhibitors alone have demon-
strated antitumoral activity in preclinical research, CDK9
inhibitors have been largely unsuccessful in the clinic due to
limited drug efficacy and adverse side effects (142). There-
fore, combination treatment with CDK9 inhibitors and
SMAPs may increase anti-tumor responses while reducing
adverse side effects in patients.

THERAPEUTIC TARGETING OF PP2A IN CANCER

As PP2A regulates a wide range of targets, its activity and
holoenzyme composition are tightly controlled through ex-
pression, localization, phosphorylation, methylation and
association with cellular inhibitors (24). There are three ma-
jor endogenous cellular inhibitors that regulate PP2A ac-
tivity: Inhibitor 2 of PP2A (I2PP2A or SET), CIP2A and
PME1, all of which have been heavily implicated in tu-
mor promotion and are overexpressed in many cancer types
(30). Kauko et al. demonstrated that genetic knockdown of
SET, CIP2A or PME1 globally increases the sensitivity of
cancer cells to a panel of kinase inhibitors, while knock-
down of the PP2A A subunit drives global therapeutic resis-
tance (41). These studies also show that CIP2A is predom-
inately cytoplasmic, whereas PME1 and SET are nuclear.
Together, these studies implicate PP2A as an important
rheostat for therapeutic response and suggest that the spa-
tial regulation of PP2A activity may lead to distinct pheno-
types and unique therapeutic combinations depending on
cellular context. In an effort to modify PP2A activity in tu-
mors, three main therapeutic strategies have been explored:
preventing cellular inhibitors from binding to PP2A, di-
rectly nucleating the PP2A holoenzyme or global inhibition
of PP2A (Table 2) (143,144).

Inhibiting the inhibitors of PP2A

SET is a global inhibitor of PP2A that binds to the C sub-
unit of PP2A and inhibits catalytic activity of the PP2A
holoenzyme (145,146). High SET expression has been im-

plicated in poor survival outcomes in a diverse set of can-
cers, including colorectal cancer, breast cancer and hepato-
cellular carcinoma (147–149). Suppression of SET leads to
decreased phosphorylation of proteins involved in histone
methylation and chromatin organization, consistent with
SET nuclear localization (41). FTY720 (Fingolimod) is a
ceramide derivative and sphingosine analog that inhibits the
binding of SET to the PP2A holoenzyme, thereby indirectly
promoting PP2A phosphatase activity (150,151). FTY720-
mediated inhibition of SET has shown promising anti-
tumor effects through the activation of PP2A in lung can-
cer, colorectal cancer and various hematologic malignan-
cies (152–155). In colorectal cancer, FTY720 was found to
promote PP2A-mediated degradation of Polycomb Group
RING Finger Protein 4, BMI1, thereby preventing Poly-
comb Repressive Complex 1 (PRC1)-based epigenetic mod-
ifications (156). Given that PRC1 is implicated in promot-
ing stem-like states and metastasis in multiple cancers, par-
ticularly through BMI1-containing PRC1 complexes, the
re-activation of PP2A in this context may help to tar-
get relevant cell sub-populations within tumors (157–159).
Other studies have indicated that FTY720 can suppress
transcription by altering histone modifications, including
H3K27 trimethylation, although the direct prevention of
PRC1-mediated oncogenesis by PP2A has not been ex-
plored (160,161). Despite the anti-tumor effects of FTY720,
this compound elicits severe cardiac toxicities among other
side effects. An analog compound, SH-BC-893, potentially
addresses these issues and is currently in preclinical phases
(162,163). While there are ongoing efforts in the cancer field
to develop direct small molecule inhibitors of PME1 and
CIP2A, these strategies are lagging compared to those that
target SET.

Direct activation of PP2A phosphatase activity

While cellular PP2A inhibitors play a significant role in
PP2A function, many have PP2A-independent functions,
making the therapeutic inhibition of these factors prob-
lematic (164,165). Therefore, a considerable amount of ef-
fort has been spent developing direct activators of PP2A.
Early in the development of PP2A activators, the phenoth-
iazine class of antipsychotics were found to have antipro-
liferative effects on cancer cells (166) by indirect activa-
tion of PP2A through inhibition of calmodulin (167). Due
to off-target effects of D2 dopamine receptor antagonism,
phenothiazines could not be used therapeutically in can-
cer but provided the structural basis for the development
of more specific PP2A activators: improved Heterocyclic
Activators of PP2A (iHAPs) and Small Molecule Activa-
tors of PP2A (SMAPs) (168). These allosteric activators di-
rectly increase PP2A activity by nucleating and stabilizing
various PP2A holoenzymes (169,170). Interestingly, both
iHAPs and SMAPs promote the incorporation of B56 fam-
ily members (B56ε and B56�, respectively) into the complex
(169,170). However, studies have suggested that SMAPs,
such as DT061 can promote incorporation of other B sub-
units, including B55� (169). Differences in PP2A complex
stabilization have been observed between cancers such as
lung adenocarcinoma (170) or in various hematologic ma-
lignancies (169). These conflicting results may be due to
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variances in expression of PP2A complexes or through dif-
ferences in post-translational modification of PP2A within
each unique malignancy (74). SMAPs have shown signifi-
cant pre-clinical efficacy in vivo, both as a single agent and
in combination with other compounds but has yet to be as-
sessed in the context of epigenetic-based therapeutics (168).

Direct inhibition of PP2A phosphatase activity

While most cancers have been shown to be sensitive to PP2A
re-activation, there are some contexts in which tumors dis-
play increased sensitivity to PP2A inhibition. Lung can-
cer, pancreatic cancer and leukemias have been reported
to be sensitive to therapeutic re-activation of PP2A ac-
tivity (169,171–173). On the other hand, cancers such as
glioblastoma show therapeutic efficacy with PP2A catalytic
inhibitors, such as LB100, particularly when used in com-
bination with DNA damaging therapeutics (122,174–177).
The combination of PP2A and epigenetic inhibitors are cur-
rently being explored and may prove effective in malignan-
cies of the nervous system (122,144). In either context (ac-
tivation or inhibition), PP2A holds great promise as a ther-
apeutic target as more specific compounds are developed
(Table 2). However, the complex regulation of PP2A de-
mands a greater understanding of the context-specific func-
tions of the PP2A holoenzyme for the rational design of new
therapeutic compounds and the use of combination thera-
pies.

DISCUSSION

PP2A therapeutic targeting challenges

One of the most exciting aspects of PP2A-centric therapeu-
tics has been the low toxicity observed in vivo (170). While
the exact mechanism underlying the potential cancer cell se-
lectivity of PP2A targeting agents is still being explored, it
is likely that as tumors progress, cancer cells become reliant
on low PP2A activity for survival. Therefore, when PP2A
is therapeutically activated, cancer cells are unable to com-
pensate for the loss in oncogenic signaling and undergo cell
death. In contrast, normal cells, which are predominately
quiescent, have a much higher threshold for the amount of
PP2A activity that can be tolerated before losing critical
survival signals (Figure 4). Intriguingly, HDAC inhibitors
seem to function similarly, with cancer cells displaying a
unique vulnerability to epigenetic-based therapeutics (178).
Ultimately, these findings indicate that cancer cells develop
unique regulatory mechanisms that differ from normal cell
populations.

Several studies demonstrate that PP2A contributes to
the regulation of various epigenetic and transcriptional
processes, but most of these studies inappropriately treat
PP2A as a singular entity. For example, many studies uti-
lize the phosphatase inhibitor, OA, as proof that PP2A reg-
ulates specific signaling pathways. However, OA inhibits
both PP1 and PP2A, which confounds experimental con-
clusions (179). Similarly, very few research studies tease
apart the contribution of distinct PP2A holoenzymes from
global PP2A activity. As a result of these oversimplifi-
cations, several reports indicate potentially contradictory
roles for PP2A in cancer epigenetics. Additionally, it is likely

Figure 4. Cancer cells have different thresholds for PP2A activity than nor-
mal cells Normal cells (left) maintain median PP2A activity levels and have
a larger tolerance for fluctuations in PP2A phosphatase activity. In con-
trast, malignant cells (right) become addicted to low levels of PP2A ac-
tivity and, therefore, become more susceptible to fluctuations in activity.
Upon therapeutic activation of PP2A, malignant cells cannot withstand
PP2A activation returning to baseline levels and the subsequent loss of
oncogenic signaling. Similarly, given that malignant cells already function
on low levels of PP2A activity, inhibition of PP2A activity results in a loss
of survival signals and cell apoptosis. Since PP2A activators and inhibitors
display little to no toxicity, this would suggest that normal cells are able to
maintain the signals necessary for survival in both contexts.

that some PP2A subunits can in part compensate for the
loss of other subunits. Although variants of B subunits
within each of the B subunit families (B55, B56, PR72 and
Striatins) have high degrees of structural homology, the
targets and function of these B subunits can be distinct.
These gaps in knowledge severely limit our understanding
of PP2A-dependent phenotypes and complicate the clinical
use of PP2A therapeutics.

Just as PP2A is not ‘one’ protein, the localization and
function of PP2A complexes may not be restricted to one
cellular compartment or be uniform in response. The func-
tional consequence of higher-order chromatin architecture,
including TAD domains, phase separation and chromo-
some territories are all being interrogated in the context of
cancer phenotypes (180,181). The presence of these com-
plex nuclear microdomains impacts not only inter- and in-
tratumoral heterogeneity but potentially drives differential
regulation of the epigenetic processes by phosphatases in
distinct locations. Delineating the spatial and kinetic activ-
ities of PP2A will potentially uncover the critical cancer-
specific mechanisms verses those that are dispensable.

Leveraging the PP2A interactome for personalized medicine

Extensive research efforts have been spent determining the
consequence of specific phosphorylation sites on protein
function. Interestingly, the number of kinase-regulated pro-
teins that have been identified significantly overshadows the
number of proteins known to be direct targets of phos-
phatases, suggesting that the cancer-associated PP2A in-
teractome is far from complete (182). The transient nature
of the protein-protein interactions between phosphatases
and their substrates has severely limited our ability to iden-
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tify substrates by traditional methods of detection (e.g.
co-immunoprecipitation and mass spectrometry-based as-
says). To overcome this barrier and make significant strides
in PP2A substrate identification, studies are now incorpo-
rating more advanced techniques, such as proximity label-
ing and crosslinking to identify PP2A complexes in live cells.
For example, TurboID (a modified version of BioID) has
been performed to create an interactome map of specific
PP2A B subunits utilizing a unique biotin ligase that cova-
lently label proteins within close proximity (183). This unbi-
ased approach generates a large number of potential targets
but lacks spatial information about these interactions and
generates a high rate of false positives due to the promiscu-
ous nature of the ligase. Recently, a conditional version of
this assay, SplitID, has been developed, in which two pro-
teins each get one half of the biotin ligase and only form a
functional ligase when complexed together (184). This strat-
egy has been used to identify targets of specific PP1 com-
plexes but has not yet been used specifically with individual
PP2A B subunits.

Proximity ligation assays (PLA) has been used as a tar-
geted approach to identify not only if two proteins inter-
act (phosphatase-substrate) but the location of the com-
plex within the cell. This additional spatial information
is invaluable for dissecting potential subcellular domains
of phosphatase function (nuclear, perinuclear, cytoplasmic,
etc.) and dynamic shifts in protein localization or PP2A
holoenzyme composition in response to perturbations such
as oncogenic mutation. To decipher transcriptional regu-
latory complexes, chromatin immunoprecipitation with se-
lective isolation of chromatin-associated proteins (ChIP-
SICAP) is now being used to isolate both protein com-
plexes and their associated DNA in the same experiment.
This unique approach uses crosslinking to stabilize tran-
sient protein–protein interactions and could be applied to
identify specific PP2A-regulated genes and associated bind-
ing partners. Ultimately, the toolbox available to inter-
rogate PP2A interactions is growing rapidly and will no
doubt increase our understanding of this complex family of
regulators.

As we begin to unravel the context-specific roles of PP2A
in the regulation of epigenetic and transcriptional mech-
anisms, new compounds could be developed to capitalize
on the unique functions of individual PP2A B subunits.
Already, compounds are emerging that preferentially acti-
vate unique PP2A complexes (SMAPs and iHAP1), sug-
gesting that eventually we may be able to tailor therapeutics
to specific PP2A-dependent cancer phenotypes (170). Since
the dynamic regulation of PP2A holoenzyme composition
can greatly differ between tissues and cancer types, this
strategy would allow for a more personalized therapeutic
approach.
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Vågbø,C.B., Schuermann,D., Klungland,A. and Schär,P. (2016)
Biochemical reconstitution of TET1–TDG–BER-dependent active
DNA demethylation reveals a highly coordinated mechanism. Nat.
Commun., 7, 10806.

125. Wu,X. and Zhang,Y. (2017) TET-mediated active DNA
demethylation: mechanism, function and beyond. Nat. Rev. Genet.,
18, 517–534.

126. Wu,D., Hu,D., Chen,H., Shi,G., Fetahu,I.S., Wu,F., Rabidou,K.,
Fang,R., Tan,L., Xu,S. et al. (2018) Glucose-regulated
phosphorylation of TET2 by AMPK reveals a pathway linking
diabetes to cancer. Nature, 559, 637–641.

127. Hausser,A., Link,G., Hoene,M., Russo,C., Selchow,O. and
Pfizenmaier,K. (2006) Phospho-specific binding of 14-3-3 proteins to
phosphatidylinositol 4-kinase III � protects from dephosphorylation
and stabilizes lipid kinase activity. J. Cell Sci., 119, 3613–3621.

128. Kundu,A., Shelar,S., Ghosh,A.P., Ballestas,M., Kirkman,R.,
Nam,H., Brinkley,G.J., Karki,S., Mobley,J.A., Bae,S. et al. (2020)
14-3-3 proteins protect AMPK-phosphorylated ten-eleven
translocation-2 (TET2) from PP2A-mediated dephosphorylation. J.
Biol. Chem., 295, 1754–1766.

129. Chen,H., Yu,D., Fang,R., Rabidou,K., Wu,D., Hu,D., Jia,P.,
Zhao,Z., Wu,Z., Peng,J. et al. (2019) TET2 stabilization by 14-3-3
binding to the phosphorylated Serine 99 is deregulated by mutations
in cancer. Cell Res., 29, 248–250.
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140. Martin,R.D., Hébert,T.E. and Tanny,J.C. (2020) Therapeutic
targeting of the general RNA Polymerase II transcription
machinery. Int. J. Mol. Sci., 21, 3354.

141. Hu,S., Peng,L., Xu,C., Wang,Z., Song,A. and Chen,F.X. (2021)
SPT5 stabilizes RNA polymerase II, orchestrates transcription
cycles, and maintains the enhancer landscape. Mol. Cell, 81,
4425–4439.

142. Morales,F. and Giordano,A. (2016) Overview of CDK9 as a target
in cancer research. Cell Cycle, 15, 519–527.

143. O’Connor,C.M., Perl,A., Leonard,D., Sangodkar,J. and Narla,G.
(2018) Therapeutic targeting of PP2A. Int. J. Biochem. Cell Biol., 96,
182–193.

144. Bryant,J.-P., Levy,A., Heiss,J. and Banasavadi-Siddegowda,Y.K.
(2021) Review of PP2A tumor biology and antitumor effects of
PP2A inhibitor LB100 in the nervous system. Cancers, 13, 3087.

145. Li,M., Makkinje,A. and Damuni,Z. (1996) The myeloid
leukemia-associated protein SET is a potent inhibitor of protein
phosphatase 2A (∗). J. Biol. Chem., 271, 11059–11062.

146. Adachi,Y., Pavlakis,G.N. and Copeland,T.D. (1994) Identification
and characterization of SET, a nuclear phosphoprotein encoded by
the translocation break point in acute undifferentiated leukemia. J.
Biol. Chem., 269, 2258–2262.
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