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Unraveling the complexity: A comprehensive analysis of the PP2A in cancer 
and its potential for novel targeted therapies 
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Protein phosphatase 2A (PP2A) is a major serine/threonine phosphatase considered a potent tumor suppressor that 
critically regulates diverse cellular processes, including cell cycle progression, apoptosis, or DNA repair. PP2A is typically 
downregulated in cancers but mechanisms for its inactivation in human cancers are poorly understood. PP2A represents a 
family of more than 60 phosphatases. According to cellular context, each heterotrimeric PP2A holoenzyme exerts a unique 
role in cancer, and PP2A isoforms can act either as tumor suppressors or as promoters. Due to wide structural diver-
sity, PP2A has been considered undruggable. However, increasing knowledge predisposes PP2A diversity to therapeutical 
targeting for the treatment of a broad range of cancer pathologies, including drug resistance or cloaking immune surveil-
lance. In this review, we discuss the regulatory role of PP2A in cancer, its regulation by microRNA and hypoxia, its contri-
bution to therapy resistance development, and the therapeutic potential of direct and indirect targeting, or combinatory 
administration with other anti-cancer drugs to improve cancer treatment outcomes. 
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Protein phosphorylation is a post-translational modifi-
cation essential for the control of the activity of most 
enzymes in the cell. A fine-tuned balance between kinases 
and phosphatases regulates a complex and highly integrated 
series of phosphorylation and dephosphorylation events, 
typical reactions controlling signal transductions in cells, 
including events facilitating DNA damage response. Distur-
bance of this balance can lead to altered cellular behavior and 
the development of many diseases, not excluding cancer. In 
cancer research, the most attention has been devoted to the 
deregulation of kinases and their activity. Kinases are consid-
ered a major mechanism of cancer cells to evade normal 
physiological growth and survival. Based on this knowledge, 
specific inhibitors of these enzymes have been developed and 
proven very successful in cancer therapy [1]. On the other 
hand, despite their long-term underestimation, phospha-
tases are now considered equally important and their essen-
tial role in controlling cell proliferation and cancer develop-
ment cannot be overlooked. Phosphatases have been gener-

ally identified as tumor suppressors [2]. However, recent 
research has paradoxically demonstrated their inhibition as 
a potential targeting option for cancer treatment, therefore 
considering them as attractive targets for new cancer thera-
pies development [3, 4].

Based on their substrate specificity and catalytic mecha-
nism, protein phosphatases (PP) are classified into two major 
families and several subfamilies with multiple members. The 
major families are the protein serine/threonine phosphatases 
and protein tyrosine phosphatases. The protein serine/threo-
nine phosphatases can be further sub-classified into three 
structurally distinct families: phosphoprotein phosphatases, 
metal-dependent protein phosphatases, and aspartate-based 
phosphatases. Phosphoprotein phosphatases include PP1, 
PP2A, PP2B, PP4, PP5, PP6, and PP7. PP2C and pyruvate 
dehydrogenase phosphatase represent the metal-dependent 
protein phosphatases and FCP1 and SCP aspartate-based 
phosphatases. Based on their structure and gene sequence, 
the protein tyrosine phosphatase family is divided into 3 
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main families (Class I–III) with several sub-families: Class 
I are classical protein tyrosine phosphatases (transmem-
brane and non-receptor) and dual specificity phosphatases 
(mitogen-activated protein kinase /MAPK/ phosphatases, 
phosphatase and tensin homologs /PTEN/, CDC14s), Class 
II are CDCs (CDC25A, B, C), and finally Class III are low 
molecular weight protein tyrosine phosphatases [5, 6].

Drug resistance is a commonly encountered problem 
in clinical oncology. Multiple mechanisms are involved in 
cellular response to therapeutics (e.g., platinum agents) 
including import/export of the drug, its inactivation, or 
causing DNA damage. In most solid malignancies, cisplatin 
(CDDP) is the standard first-line therapy. Its cytotoxicity 
strongly relates to nuclear DNA damage that is repaired by 
different DNA repair mechanisms. Constitutive phosphory-
lation of intermediates within signaling pathways and DNA 
damage response (DDR) mechanisms, has been shown to 
be a barometer of critical cellular processes that determine 
the decision of the cell to repair damaged DNA or induce 
apoptotic cell death [7]. The serine/threonine kinases ATM 
and ATR are primary coordinators of cellular responses to 
DNA damage. These kinases are activated upon induction 
of double-strand breaks (DSBs) or arrest of DNA replication 
and are involved in the regulation of DNA repair, cell cycle 
checkpoints, and apoptotic signaling [8]. The effects of ATM/
ATR are exerted directly and indirectly through the control 

of phosphorylation of downstream target proteins like 
BRCA1, H2AX, checkpoint kinases CHK1 and CHK2. DSBs 
activate other important kinases mentioning DNA-PKs that 
belong to the PI3K-related protein kinase superfamily [9], 
playing a role in therapy resistance [10]. Similarly, WEE1, 
a protein kinase localized in the nucleus, is extensively 
involved in DDR signaling [11] that negatively regulates the 
G2/M transition after the detection of DSB [12]. In addition, 
increased phosphorylation of many other signaling proteins 
of the ATM/ATR pathway may correlate with the extent of 
apoptotic induction [13, 14]. Thus, reversible phosphory-
lation and dephosphorylation play an important role in 
modulating cell function and maintaining homeostasis that 
allows cells to survive, proliferate, and cope with different 
kinds of stress [15]. Although it is clear that phosphatases 
antagonize the action of kinases, much less is known about 
their role in the development and progression of human 
cancers [16]. Importantly, growing evidence suggests that 
phosphatases can serve not only as negative regulators but 
also actively contribute as DDR modulators [17].

Protein phosphatase 2 (PP2A)

PP2A is one of the major serine/threonine phospha-
tases that refers to a large family of heterotrimeric Ser/Thr 
phosphatases involved in the control of numerous signaling 
cascades. The core enzyme PP2A consists of a catalytic C 
subunit and a structural A subunit. In mammals, 2 distinct 
genes encode closely related versions of the PP2A subunits 
A (Aα/PPP2R1A and Aβ/PPP2R1B) and C (Cα/PPP2CA 
and Cβ/PPP2CB). The AC dimer recruits a third regula-
tory B subunit responsible for the substrate specificity and 
function of the PP2A heterotrimeric complex. To date, four 
unrelated families of B subunits have been identified: B/B55/
PPP2R2, B´/B56/PR61/PPP2R5, B´´/PR72/PPP2R3, and 
Striatin/STRN/B´´´ (Figure 1). Approximately 100 different 
complexes of these subunits can be formed by their combi-
nation, and these individual PP2A complexes are thought to 
mediate specific physiological functions [18]. PP2A is highly 
conserved, ubiquitously expressed in eukaryotic cells [19] 
and its catalytic activity is tightly regulated. Functionally, 
PP2A plays a key role in the cell cycle, cellular metabolism, 
cell migration, DNA repair, cell survival, and other signaling 
pathways [20, 21]. Therefore, from the clinical point of view, 
it is considered an important new therapeutic target in 
multiple pathologies and diseases [22, 23].

However, approximately 30% of PP2A complexes exist 
only as a ‘core dimer’ composed of a catalytic and struc-
tural subunit (PP2A-CB) [24]. There are two isoforms of 
the catalytic subunit (PP2ACα and PP2ACβ), which share 
97% sequence homology. The most prevalent isoform is 
PP2ACα [25]. Importantly, both share a unique C-terminal 
tail containing a TPDYFL motif, that is located between 
the structural and regulatory subunits in the holoenzyme 
[26, 27]. This motif plays a fundamental role in the regula-

Figure 1. PP2A family of serine/threonine heterotrimeric phosphatases. 
The PP2A holoenzyme is a heterotrimeric complex composed of a cata-
lytic subunit C, a structural subunit A, and a single regulatory subunit B. 
Four unrelated families of PP2A B regulatory subunits (B /B´/B´´/B´´´) 
have been identified so far. The assembly and activity of heterotrimeric 
PP2A complexes is regulated by intracellular inhibitors of PP2A (SET, 
CIP2 PME1, and TIP) and activators of PP2A (PTPA and LCMT1).
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tion of catalytic activity and holoenzyme assembly [28]. The 
structural subunit also has two isoforms (PR65α and PR65β) 
[18, 26] sharing 87% sequence homology. Structurally, they 
consist of 15 huntingtin-elongation-A subunit-TOR (HEAT) 
repeats, which are short pairs of interacting helices linked by 
a tight 1–3 residue turn that forms a horseshoe shape [29]. 
It is through the HEAT repeats that the catalytic and B56 
regulatory subunits bind to the structural subunit to form the 
trimeric holoenzyme. The catalytic subunit binds to HEAT 
repeats 11–15 through a mix of hydrogen, hydrophobic, and 
ionic bonding [27]. This not only keeps the active site of the 
catalytic subunit exposed and accessible to the substrate but 
also facilitates binding of the carboxyl terminus of PP2ACα 
to a surface groove at the interface between the scaffolding 
and a regulatory subunit enabling recruitment of the latter 
[26].

PP2A in cancer

PP2A has been assumed to play a major role as a tumor 
suppressor and is often misregulated in cancer. However, this 
phosphatase can also activate several oncogenic pathways 
and positively participate in the oncogenic process [30, 31].

PP2A enzyme plays a direct role in the negative regula-
tion of DSBs repair proteins, such as γ-H2AX, ATM, CHK1, 
and CHK2 [32]. However, contrary to the notion that protein 
phosphatases solely function as negative regulators of DNA 
repair signaling, the targeted inhibition of PP2A activity 
hampers DNA repair [33]. PP2A function is also essen-
tial for the activation of cell cycle checkpoints in response 
to irradiation. These apparent discrepancies can potentially 
be explained by the existence of multiple distinct PP2A 
complexes that can modulate various stages of the DNA 
repair process. The diversity of PP2A functions suggests 
that particular PP2A complexes may contribute indepen-
dently to different phenotypes, including the DNA damage 
response [18]. Indeed, knockdown of 4 different PP2A 
regulatory B subunits (PPP2R2A, PPP2R2D, PPP2R5A, 
and PPP2R3C) was found to impair DNA repair efficiency, 
suggesting that these specific PP2A complexes are involved 
in the control of DNA repair [17]. PP2A also regulates 
numerous cellular signaling cascades by inhibiting the 
activity of kinase oncogenes. Recently, a reduction in PP2A 
activity has been found in various types of human tumors. 
Loss of PP2A function occurs either through inactivating 
mutations of PP2A structural subunits or upregulation of 
endogenous cellular inhibitors of PP2A, such as inhibitor 1 
of PP2A (I1PP2A), also known as ANP32A, inhibitor 2 of 
PP2A (I2PP2A), also known as SET, or cancerous inhibitor 
of PP2A (CIP2A) [16, 34, 35]. PP2A activity can also be 
regulated by post-translational modification, e.g. phosphory-
lation of threonine 304 (T304) residue or tyrosine 307 (Y307) 
residue can inactivate PP2A [16, 36], while methylation of 
the carboxyl-terminal leucine 309 (L309) residue can revers-
ibly activate PP2A [14, 15]. In pancreatic ductal adenocarci-

noma cells, an increased level of the B55α subunit has been 
identified correlating with poor survival of pancreatic cancer 
patients. Consequently, inhibition of the B55α subunit 
resulted in reduced phosphorylation of Akt and Erk1/2, 
and lower β-Catenin levels leading to decreased cell growth, 
clonogenicity, mobility and anchorage-independent growth, 
pointing to oncogenic effects of PP2A-B55α (PPP2R2A) [37].

PP2A substrate specificity and localization

The mechanism of assembly of PP2A heterotrimeric 
complexes is not yet fully understood. The PP2A activity and 
the dynamic exchange of PP2A regulatory subunits could be 
modulated by reversible methylation and phosphorylation 
of the carboxyl-terminal end of subunit C. This complexity 
in the assembly of the holoenzyme trimer provides PP2A 
with the ability to dephosphorylate a large number of 
different substrates and mediate a wide range of physiolog-
ical functions. Since PP2A suppresses tumors by regulating 
cell signaling cascades opposing kinase oncogenes [18], 
pharmacological activation of PP2A activity could restrict 
the activity of kinase oncogenes. Some PP2A activators 
have been proposed as treatment options for various types 
of human leukemia. For example, loss of PP2A enzymatic 
activity contributes to the pathophysiology of p210 and 
p190BCR/ABL-induced leukemia [16, 38]. Also, a CHEK2 
and PPP2R2A fusion study in pediatric teratomas showed 
that deregulation of CHEK2 and/or PPP2R2A has patho-
physiological significance in at least a subset of germ cell 
tumors [39]. Moreover, PP2A is an attractive target for sensi-
tizing DNA damage repair. Extensive studies in Xenopus 
leavis have shown that PP2A is induced as part of the DDR 
and is involved in G2-M arrest [40]. The inhibition of PP2A 
disrupts the normal progression into mitosis, ultimately 
resulting in mitotic catastrophe and apoptosis. PP2A also 
regulates CHK1, a critical DDR mediator, through a negative 
feedback loop that maintains CHK1 in a state of low activity 
during normal cell division, priming it for a rapid response 
to DNA damage [41]. This integral relationship is maintained 
by the continuous phosphorylation and dephosphorylation 
of CHK1 [14].

The work of several groups highlights the importance of 
the regulatory subunits in determining substrate specificity 
and subcellular localization of PP2A. For example, involve-
ment of the B55α (PPP2R2A) subunit in the PP2A holoen-
zyme is needed for PP2A-mediated dephosphorylation of 
p107 in human osteosarcoma and glioblastoma cells [42]. 
The B55α subunit of PP2A also directs its activity toward 
phospho-β-catenin [43] and an AP-1 complex in tumor 
cells [44]. It is worth noting that heat shock transcription 
factor 2 (HSF2) can regulate PP2A activity by obstructing 
the assembly of the holoenzyme through steric hindrance, 
as it binds to the same binding site on PP2AC as B55 [45]. 
Additionally, PP2A-B56 is involved in mediating insulin 
signaling and lipid metabolism by dephosphorylating Akt in 
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pathologies. miRNA expression is deregulated in human 
malignancies, most often due to chromosomal abnormali-
ties, changes in transcriptional control, epigenetic changes 
(demethylation or inhibition of histone deacetylases), and 
due to defects in the mechanism of miRNA biogenesis. 
Abnormal miRNA expression in malignant cells can result 
from amplification or deletion of specific genomic regions 
comprising genes for miRNA. Changes in miRNA expres-
sion accompany various processes of tumorigenesis, such as 
tumor proliferation, migration, angiogenesis, apoptosis, drug 
transport, or DNA repair [55]. Depending on their target 
genes, miRNAs act as an oncogene or as a tumor suppressor. 
A single miRNA can regulate different target genes and 
one target gene can be regulated by different miRNAs [56]. 
Approximately 23 miRNAs are implicated in the regulation 
of the major components of PP2A (Table 1).

Yu et al. [57] performed bioinformatics analysis and found 
that PPP2R2A is a target of miR-221, which they further 
confirmed in osteosarcoma (OS) cells using western blot 
and dual luciferase assay. They found that miR-221 directly 
targeted, thus downregulated PPP2R2A. Restoration of 
PPP2R2A in cells overexpressing miR-221 restored sensi-
tivity to CDDP.  Another study showed that miR-222 could 
attenuate CDDP-induced cell death in bladder cancer cells 
through inhibition of CDDP-induced autophagy by directly 
targeting PPP2R2A [58], thus suggesting that miRNA-
222 could modulate sensitivity to CDDP by targeting 
PPP2R2A itself. Zhuang et al. [59] provide a view of the 
role of miR-218 in chemotherapy resistance, specifically in 

C. elegans and Drosophila [46, 47]. Finally, B56γ determines 
the PP2A substrate specificity during cardiac development in 
mice [48]. It is interesting to note that the B subunit compo-
sition of PP2A relates with the localization into cellular 
compartments and intracellular structure of PP2A. In rat 
brain, B55α and β isoforms localize PP2A to the cytosolic 
and nuclear compartments, whereas the γ isoform towards 
cytoskeletal structures [49, 50]. In mammals, B55 has been 
shown associated with cytoskeletal dynamics and nuclear 
translocation and is essential for cytokinesis [50]. Similarly, 
B56α, β, and ε guide PP2A in the cytoplasmic compartment, 
whereas the δ and γ isoforms direct it towards the nucleus 
[51] or subnuclear structures associated with transcription 
factor assembly [52]. It is important to highlight that B56δ 
exhibits dynamic localization, shuttling between the nucleus 
and cytosol in a cell cycle stage-dependent manner [53]. This 
suggests that the localization of B56δ can undergo changes 
and is not static [23].

Regulation of the PP2A by microRNA

microRNAs (miRNAs) represent a family of short regula-
tory RNA molecules, which are expressed in a tissue- and 
time-specific manner and regulate gene expression after 
transcription. miRNAs hybridize with target mRNA to 
induce translational repression or mRNA degradation [54]. 
Functional studies have shown that miRNAs are involved 
in virtually every physiological process and therefore their 
deregulation is associated with the development of different 

Table 1. miRNAs involved in regulation of key components of PP2A.
Subunit Gene Target miRNA Tissue/Model Target and Effect Notes References
Catalytic PPP2AC miR-1 Rat cardiomyocytes ↓PP2AC protein [147]

miR-155 PBMCs ↓PP2AC mRNA ↓miR-155 correlates to 
↑PP2AC mRNA in PBMCs 
from patients with SLE or 
Familial Mediterranean 
Fever

[63] 

miR-429 OB6, hFOB1.19 ↓PP2AC mRNA/protein Targets 3’-UTR of PP2AC 
mRNA

[62]

miR-520h Human breast and cervical 
cancer cell lines

↓PP2AC promoter Targets 3’-UTR of PP2AC 
mRNA

[148]

miR-183 ACHN, A498 renal tumor 
biopsies

↓PP2ACα and PP2ACβ pro-
tein and promoter activity

Regulates cell growth and 
metastasis in renal cancer

[64]

miR-133a CHO ↓PP2ACα and PP2ACβ 
promoter activity

miRNA overexpression [60]

    miR-1246 Mesenchymal stem/stroma 
cells

↓PP2Ccβ mRNA / promoter 
activity

  [61]

Structural PPP2R1B miR-200c Esophageal squamous cell 
carcinoma

↓PP2A-Aβ protein ↑miR-200c associated with 
chemoresistance

[65]

miR-587 HCT1 16, Colorectal can-
cer biopsy

↓PP2A-Aβ protein Confers chemoresistance in 
colorectal cancer

[66]

  PPP2R2A miR-31 Murine and human lung 
cancer cell lines

↓PPP2R2A mRNA 
↓promoter activity

miR-31 and PPP2R2A 
expression inversely related 
in murine and human lung 
cancer

[67]
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Subunit Gene Target miRNA Tissue/Model Target and Effect Notes References
Regulatory miR-195 Murine and human lung 

cancer cell lines
↓PP2ABα expression Represses specific tumor 

suppressors in lung cancer
[149]

miR-17-92  
miR-20

DLBCL cells and DHL4 
cells

↓PP2A promoter activity and 
mRNA

[68]

PPP2R2D miR-133b HepG2, QGY7701, 
MHCC97H, HCC97L, 
Hep3B, Huh7

↓PP2ABδ protein and 
mRNA

miR-133b binds to 3’UTR 
enhancing sensitivity of 
HCC to chemotherapy

[69]

PPP2R5A miR-1 Adult rat isolated ventricu-
lar myocytes

↓PP2ABα protein miR-1 enhances cardiac exci-
tation contraction coupling 
by ↓PP2A-Bα abundance 
and altering cellular localiza-
tion of PP2AC

[147]

miR-133 Cardiomyocytes see note miR-1 and miR-133 expres-
sion associated with decrease 
protein levels of B56α/δ and 
lower PP2A activity

[60]

miR-155  
miR-31

Murine macrophages ↓PP2ABα mRNA 
↓PP2ABα promoter

Decreases PP2A activity 
limiting autophagy

[150]

PPP2R5C miR-27a HBELH B55γ KO ↑miR-27a mRNA, 
B55α KO ↓miR-27a mRNA 

[75]

miR-183 ACHN, A498 renal tumor 
biopsies

↓PP2A B56γ protein/pro-
moter activity

Regulates cell growth and 
metastasis in renal cancer

[64]

PPP2R5D miR-9 HEK293 Pulmonary mac-
rophages

↓PPP2R2A 
↓PPP2R5D promoter activity 
↓PP2A-Bδ

Inhibition of miR-9  
↑PP2A activity

[70]

miR-133 Cardiomyocytes miR-1 and miR-133 expres-
sion associated with decrease 
protein levels of B56α/δ and 
lower PP2A activity

[60]

PPP2R5E miR-19 Lymphocytes PPP2R5E mRNA, promoter 
activity, protein

[151]

      DLBCL cells, DHL4 cells ↓PPP2R5E promoter activity 
and mRNA

  [68]

Other CIP2A miR-218 A375 SK-MEL-2 cells ↓CIP2A promoter, mRNA 
and protein

Suppresses proliferation, 
migration, invasiveness, and 
the cell cycle

[72]

miR-375 HEK293, CAL27 ↓CIP2A promoter activity, 
↓mRNA, ↓protein

Inverse correlation between 
miR-375 and CIP2A in oral 
cancer and NCI-60 cells but 
not in multiple head and 
neck cancer cell lines

[71]

miR-383-5p A549, H1299 ↓CIP2A protein, ↓mRNA, 
↓ promoter activity

miR-383-5p inversely related 
to CIP2A expression in lung 
adenocarcinoma

[73]

SET miR-199b JAR, BeWo ↓SET protein, ↓promoter 
activity

miR-199b associated with 
↑SET in choriocarcinoma

[74]

  PME1 miR-195 Rat hippocampal and corti-
cal regions

↑PME promoter activity   [149]

Table 1. Continued . . .

the response of oral cancer cells to CDDP, through the Wnt 
signaling pathway by targeting the PPP2R5A phosphatase. 
miR-218 was significantly upregulated in CDDP-resistant 
oral cancer cell lines and in oral cancer patients who failed 
neoadjuvant chemotherapy. The authors demonstrated that 
miR-218 decreased the levels of PPP2R5A and increased the 
expression of β-catenin and glycogen synthase kinase-3β 
(GSK3β). Importantly, inhibition of miR-218 restored the 
sensitivity of oral cancer cells to CDDP therapy. Moreover, 
more studies have demonstrated that miR-155, miR-183, 

miR-429, miR-520h, miR-133a, and miR-1246 can reduce 
the promoter activity, mRNA expression, and protein expres-
sion of PP2AC [60–64]. From a clinical perspective, low 
expression of miR-155 correlates with high levels of PP2AC 
mRNA expression in peripheral blood mononuclear cells 
(PBMCs of patients with systemic lupus erythematosus 
or familial Mediterranean fever [63]. Regarding the PP2A 
structural subunits, miR-200c and miR-587 decrease the 
expression of the PPP2R1B to grant chemoresistance in 
esophageal squamous cell carcinoma and colorectal cancer 
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[65, 66]. Multiple studies have emphasized the involvement 
of miRNAs in regulating the expression of the B55 and B56 
regulatory subunits. In murine and human lung cancer cell 
lines, Liu et al. demonstrated an inverse relationship between 
miR-31 and PPP2R2A expression [67]. More recently miR-17 
and miR-20 have been shown to inhibit PPP2R2A promoter 
activity, and hence PPP2R2A mRNA expression [68]. In 
another work, miR-133b was shown to bind to the 3’-UTR 
of PPP2R2D, and decrease transcription in hepatic carci-
noma cell lines; an effect associated with chemosensitization 
[69]. There is also some evidence showing miRNA regula-
tion of the B56 regulatory subunit. In pulmonary macro-
phages, miR-9 has been found to regulate steroid-resistant 
airway hyper-responsiveness by reducing the abundance 
and promoter activity of PP2A-B’δ, as demonstrated by Li 
et al. in 2015 [70]. Studies focusing on experimental models 
of cancer demonstrate that miRNAs also play a key role in 
regulating the expression of several endogenous inhibitors 
of PP2A. For example, miR-218, miR-375, and miR-383-5p 
decrease CIP2A promoter activity, mRNA expression, 
and protein abundance in skin, oral, and lung cancer cell 
lines [71–73]. Furthermore, overexpression of miR-199b 
decreases SET promoter activity, expression, and abundance 
in choriocarcinoma cell lines [74]. The PP2A holoenzyme, 
which undergoes post-translational modification, emerges as 
a target regulated by miRNAs.

Indeed, miRNAs play a significant role in modulating the 
expression of various components within the phosphopro-
tein phosphatase system. However, it is important to note 
that a reciprocal relationship also exists, meaning that the 
phosphoprotein phosphatase system can, in turn, regulate 
the expression and activity of miRNAs. In bronchial epithe-
lial cells, knockdown of B56γ upregulates miR-27a [75]. In a 
more recent study, the silencing of B55α increases the expres-
sion of miR-191-5 and reduces the expression of miR-142-3p 
in AML cells [23, 76].

PP2A and hypoxia

Because of disorganized vasculature developed to supply 
oxygen to rapidly growing tumors, many solid tumors 
contain hypoxic regions with reduced oxygen levels. In cancer 
patients, tumor hypoxia leads to a poor prognosis [77] due to 
potentially increased malignancy, resistance to both chemo- 
and radiation therapy, and an increased likelihood of metas-
tases [78]. Compared to healthy tissue, where tissue oxygen 
levels usually exceed 40 mmHg, tumors can sustain oxygen 
levels of only 0–20 mmHg [79]. Under physiological condi-
tions, hypoxia typically leads to cell death. However, it can 
also induce genomic changes and metabolic switch that allow 
tumor cells to adapt to poor nutrition and a hostile micro-
environment, thus remain viable. Hypoxic stress pre-selects 
subpopulations of viable cells with a genetic mechanism for 
malignant progression [80]. Cellular adaptation to hypoxia is 
primarily mediated by the family of transcriptional regula-

tors, hypoxia inducible factors (HIFs). More than 100 genes 
are regulated directly or indirectly by HIF [81, 82], whose 
active form binds to the hypoxia-response element (HRE) in 
the promoter region of the target genes.

The role of epigenetics in cellular responses to hypoxia is 
becoming widely recognized. This type of control may play 
a role in tandem with HIF or may maintain the hypoxia-
adapted cell phenotype following HIF activation. Epigenetic 
control is important in the stabilization and binding of HIF 
to its transcriptional targets and subsequently also after direct 
activation of HIF. HIF activity is thought to be amplified in 
the background of epigenetic changes that are a prerequisite 
for the response to hypoxia. Epigenetic changes at the level of 
DNA and histones can modulate the specific binding of HIF 
on the target gene promoter [83]. Crucially, hypoxia is associ-
ated with more than 300 different posttranslational modifica-
tions such as phosphorylation and nitrosylation [84]. Given 
the importance of HIF-1α, and posttranslational modifica-
tion in response to hypoxia, what is the evidence for hypoxia-
mediated modulation of PP2A? In line with the transcrip-
tion-suppressive effects mediated by HIF-1α, intermittent 
hypoxia, involving alternating periods of normal oxygen 
levels (normoxia) and reduced oxygen levels (hypoxia), 
selectively reduces PP2A mRNA levels in a specific pattern 
within the rat brain. Furthermore, according to Raghuraman 
et al. [85], this decrease in PP2A levels seems to be specific 
to the phosphatase itself, as other phosphatases like PP2C, 
PP4, PP5, and PP6 remain unaffected, at least in the context 
of intermittent hypoxia. Several groups have shown hypoxia 
to upregulate PP2A. In human colorectal cancer cells, rat 
primary alveolar epithelial cells and mouse heart, hypoxia 
increases PP2A activity [86–88], PP2A mRNA, and protein 
abundance [89, 90]. Although the increase in hypoxia-
mediated PP2A activity could be explained by the increase 
in PP2A abundance, it more likely reflects post-translational 
modification of PP2AC. In HT29 human colorectal cancer 
cells exposed to hypoxia, the increase in the PP2A activity 
coincided with a decrease in the phosphorylation of PP2AC. 
Interestingly, this effect was independent of any changes in 
the levels of PP2A or PP2A Aα/β, as reported by [88] Lin et 
al. in 2012.

Moreover, it is known that hypoxia modifies the activity of 
the cytochrome chain responsible for mitochondrial oxida-
tive phosphorylation, resulting in decreased ATP synthesis 
and increased production of reactive oxygen species (ROS). 
Several studies indicate that ROS may be responsible for the 
increase in PP2A abundance [90–92], as the effect decreases 
after exposure to ROS scavengers (1-10-phenanthroline and 
superoxide dismutase) [89]. In contrast to the above studies, 
a couple of groups demonstrated that hypoxia does not in 
fact alter PP2A expression or protein abundance [93, 94]. 
Whether coincidental or not, these studies were undertaken 
in tumor-derived stem cells and mouse embryonic stem cells, 
respectively. So, is there a link between PP2A and HIF-1α? 
One of the first studies to establish a link between HIF-1α and 
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PP2A was by Komatsu et al. in 2007 [95]. In this study, PP2A 
and PP2ACβ mRNA were found to be lower in fractures of 
the femur from HIF-1α+/– mice than those with a HIF-1α+/+ 
phenotype. In a more recent clinical study, PP2A activity 
was shown to positively correlate with HIF-1α abundance 
in patients with a high-grade astrocytoma compared to 
non-neoplastic surgical specimens and was an independent 
predictor of survival [93]. This is consistent with the observa-
tion that the knockdown of HIF-1α increases the prolifera-
tion of ovarian cancer cells by reducing PP2A activity but not 
PP2AC abundance in an ovarian clear cell carcinoma cell line 
[96]. Recently, work by Elgenaidi and Spiers [23] has shown 
that the expression of multiple components is suppressed by 
hypoxia with kinetics that are cell line dependent. There is 
also a reciprocal interaction, as B55α-associated PP2A atten-
uates the degradation of HIF-1α through dephosphorylation 
of PHD2 at Ser125 to increase HIF-1α levels [23, 97].

PP2A in cancer therapy resistance

The emergence of resistant clones following targeted 
therapy and cytotoxic chemotherapy is a significant challenge 
in cancer treatment. Various mechanisms can disrupt the 
normal function of PP2A, leading to abnormal survival 
signals that provide advantages to cancer cells. Recent 
research has shown that reduced PP2A activity contrib-
utes to hyperphosphorylation of Bromodomain Containing 
4 (BRD4), which is associated with resistance to JQ1 drug 
and other bromodomain and extra-terminal domain (BET) 
inhibitors in triple-negative breast cancer (TNBC) [98]. In 
pancreatic cancer, decreased expression of HEAT repeat-
containing protein 1 (HEATR1) is linked to chemoresistance 
[99]. HEATR1 promotes PP2A-mediated dephosphoryla-
tion of AKT in pancreatic cancer cells through B55b, and 
reduced HEATR1 renders cells resistant to gemcitabine. 
Similarly, in colorectal cancer, epigenetic mechanisms reduce 
B55b expression, leading to negative regulation of AKT and 
promoting rapamycin resistance. Active AKT is associ-
ated with poor survival outcome in acute myeloid leukemia 
(AML), and reduced B55α expression in AML cells corre-
lates with increased AKT phosphorylation, shorter remis-
sion duration, and higher relapse tendency [100]. Dysregula-
tion of B55α affects multiple survival pathways in AML by 
targeting AKT and PKCα. Cellular PP2A inhibitors, such 
as CIP2A, also play diverse roles in drug resistance across 
different cancers. CIP2A mediates resistance to doxorubicin 
and supports MYC stability by blocking PP2A-mediated 
degradation. The B56α PP2A isoform is involved in MYC 
degradation and affects multiple survival pathways, including 
BCL2 anti-apoptotic function and b-catenin stability. The 
subcellular localization of PP2A B subunits is also crucial 
for their role in drug resistance [101]. Overexpression of 
wild-type B56α sensitizes cells to etoposide, while a mutant 
form with altered serine 28 fails to do so effectively [102]. 
Furthermore, PP2A activating therapy has been explored in 

lung cancer models with constitutive KRAS activation. Loss 
of PP2A regulatory subunits and overexpression of SET and 
CIP2A have been observed in lung cancer, and inhibiting 
PP2A was found to drive resistance to kinase inhibitors in 
KRAS-driven lung cancer cell lines [103]. Activation of PP2A 
via siRNA against CIP2A sensitized cells to MAPK inhibi-
tors, indicating that pharmacological activation of PP2A 
could overcome MEK inhibitor resistance. A phenothiazine 
derivative (SMAP) that activates PP2A synergized with 
the MEK inhibitor trametinib, leading to significant tumor 
regression in KRAS-driven xenograft mouse models. This 
study suggests that combining MEK inhibitors with PP2A 
activators could be a potential strategy to combat resistance 
mechanisms and suppress the PI3K pathway along with 
c-MYC stabilization [104].

PPP2R2A and PPP2R5A – important regulatory subunits

The subunit B55α of the PP2A, encoded by the PPP2R2A 
gene, is present in all tissues. Its highest expression levels are 
found in the developing central nervous system and limbs, 
as well as in the adult brain, bladder, adrenal glands, ovaries, 
and placenta [105]. This gene acts as a tumor suppressor and 
is frequently deleted or under-expressed in various types 
of human cancers. Loss or inactivation of B55α has been 
associated with cancer and Alzheimer’s disease [106–108]. 
Therefore, it is important to understand the functional role 
of B55α in normal physiological processes. In prostate, 
ovarian, and lung adenocarcinomas, which account for a 
significant proportion of non-small cell lung cancer cases, 
the region coding for PPP2R2A frequently undergoes loss of 
heterozygosity (LOH), leading to reduced PPP2R2A expres-
sion in 60% of prostate cancers, 46% of ovarian cancers, and 
43% of lung adenocarcinomas [17, 109]. Reduced expres-
sion of PPP2R2A is associated with unfavorable outcomes, 
highlighting the need for treatments targeting PPP2R2A-
deficient cancers. Qiu et al. [110] have identified new 
synthetic lethal interactions between PPP2R2A deficiency 
and CHK1 or ATR inhibition. They have also shed light on 
the mechanisms through which PPP2R2A deficiency induces 
spontaneous replication stress (RS)/DNA damage by upregu-
lating replication initiation and c-Myc activity, even without 
external DNA-damaging agents. Furthermore, they propose 
PPP2R2A as a novel predictive biomarker for guiding the 
development of ATR and CHK1 inhibitor trials. In cellular 
models, PP2A-B55α complexes have been shown to positively 
regulate the ERK/MAPK pathway while negatively regulating 
the PI3K/AKT pathway [111]. PPP2R2A complexes are also 
involved in DNA damage repair pathways through dephos-
phorylation of ATM, cell cycle regulation through dephos-
phorylation and activation of the retinoblastoma-related 
protein p107, control of mitotic exit by deactivating Cyclin-
dependent kinase B-Cdk1 and its target proteins [112–114], 
and cell adhesion and migration through dephosphorylation 
of Rac1 and AP-1 [44, 115]. PP2A-B55α has been identified 
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as a tumor suppressor also in various epithelial and blood 
cancers. The PPP2R2A gene is commonly deleted in human 
breast [116] and prostate tumors [117], and the knockdown 
of PPP2R2A in breast cancer cell lines has been shown to 
increase tumorigenicity [98]. PPP2R2A is also frequently 
downregulated in non-small cell lung carcinomas [17]. In a 
recent study by Panicker et al. [118] using N-ethyl-N-nitro-
sourea (ENU)-induced mutagenesis, a splice-site mutation 
in PPP2R2A resulted in reduced PP2A-B55α expression. 
Generation of double heterozygous mice for this PPP2R2A 
mutation and a null allele of the gene encoding the insulin 
receptor resulted in a diabetic phenotype characterized by 
hyperglycemia, hyperinsulinemia, impaired glucose toler-
ance, and glycosuria [119]. This suggests that PP2A-B55α 
may play a role in metabolism and since PP2A-B55α dephos-
phorylates b-catenin during Wnt signaling, it may also play a 
role in the development [43].

B56α, designated and encoded as PPP2R5A is another 
important PP2A regulatory subunit. PPP2R5A is involved in 
the regulation of many key signaling pathways, such as p53, 
Bcl2, cyclin-dependent kinase (CDK), MAPK, Janus kinase/
signal transduction and activating transcription factor (JAK/
STAT). Abnormalities of PPP2R5A are often associated with 
various types of diseases, especially some types of adeno-
carcinomas and epithelial carcinomas [120, 121]. Similar to 
other regulatory B subunits, PPP2R5A has eight double-helix 
units that form a solenoid-shaped structure. All members of 
the B’ family of regulatory subunits are phosphoproteins, 
meaning that PPP2R5A itself can be regulated by reversible 
phosphorylation and dephosphorylation. It has been shown 
that protein kinase C alpha (PKCα), protein RNA-depen-
dent kinase (PKR), CHK, and PP2A itself can regulate the 
phosphorylation of PPP2R5A and thus modulate its function 
[15, 121]. PPP2R5A has been reported to be involved in the 
regulation of DNA repair and apoptosis through multiple 
pathways. It should also be noted that the effect of PPP2R5A 
on PP2A is closely related to the phosphorylation state of 
PPP2R5A; overexpressed PPP2R5A can suppress PP2A 
function [122].

PPP2R5A is involved in the regulation of cell prolifera-
tion, DNA repair, apoptosis, and cell transformation through 
other pathways related to p53, MAPK, Wnt, c-Myc, JAK, 
and adenylate kinase 1 (AK1). p53 is an important factor 
involved in DNA repair, apoptosis, and cell transforma-
tion. Under normal conditions, p53 has a low expression 
level that is tightly regulated by various p53 suppressors that 
prevent abnormal blocking of proliferation and apoptosis. 
When DNA damage occurs, p53 is activated and promotes 
DNA repair or apoptosis [123]. As PPP2R5A is an impor-
tant regulatory subunit of the tumor suppressor PP2A, it is 
quite possible that mutation, abnormal expression, or hypo-
function of PPP2R5A promote the occurrence and develop-
ment of tumors.  Investigation of somatic mutations in human 
cancers pointed to abnormal expression of the PPP2R5A gene 
in endometrial carcinoma (heterozygous silent/nonsense 

substitution) and colon adenocarcinoma (somatic frame-
shift deletion), while alternatively spliced human mRNA for 
PPP2R5A was found in prostate cancer [124]. In addition, 
some miRNAs, such as miR-338-5p [125] or miR-218 [59], 
can alter the expression of PPP2R5A, as often detected in 
tumors. PPP2R5A generally acts as a tumor suppressor 
but also has oncogenic functions. Variable functioning of 
PPP2R5A depends on its regulatory factors, substrates, and 
the status of PPP2R5A itself (such as expression, phosphory-
lation level, and mutation) [15]. Furthermore, PPP2R5A is 
involved in the promotion of mitosis. Interacting with CDK, 
CHK can ensure the accuracy of mitosis by facilitating stable 
kinetochore-microtubule attachments and correct sister 
chromosomes separation. Most CDK-cyclin kinase activities 
promote DNA replication and cell mitosis [126]. Meanwhile, 
PP2A regulates the entry into mitosis and exit from mitosis 
[127]. Cyclin A/CDK can inhibit the function of PP2A 
through PPP2R5A to promote cell mitosis [128]. PPP2R5A 
also regulates T cell activation: after being activated, T cells 
are able to specifically eliminate cancer cells. T lymphocyte 
cell surface receptors CD28 and CTLA-4 are closely related to 
T cell activation and the phosphorylation of the cytoplasmic 
domain of CD28 promotes the transmission of a signal that 
activates T cells while the phosphorylation of the cytoplasmic 
domain of CTLA-4 has an opposite function [129]. PP2A is 
found to associate with the cytoplasmic domains of both 
CD28 and CTLA-4. The cytoplasmic domain of CTLA-4 has 
an association with PPP2R5A and may utilize this to CD28, 
dephosphorylating CD28 or CTLA-4 and impacting the 
serine/threonine kinase cascades mediated by T cell receptor 
(TCR) [129, 130]. Another report proves that CIP2A which 
interacts with PPP2R5A and inhibits PP2A can promote the 
activation of T cells, which also means PPP2R5A may take 
part in T cells suppression [15].

Targeting PP2A: clinical implications

In recent years, PP2A targeting has been tested as a 
promising therapeutic intervention in various diseases, 
including cancer. PP2A-targeted therapies focus on i) the 
identification of small molecules that selectively activate 
PP2A, ii) development of novel drug delivery systems, and 
iii) the exploration of combination therapies with potent 
inhibitors of the driver oncogene enhancing the treatment 
efficacy [4, 131].

The discovery of small-molecule activators of PP2A 
regulating PP2A activity attracts the most attention. 
Recently, several compounds have entered clinical testing. 
FTY720 (Fingolimod) is a sphingosine analogue shown to 
activate PP2A. FDA approved FTY720 drug for multiple 
sclerosis in September 2010 [132]. It has been found to 
activate PP2A by inhibiting its inhibitor SET and appeared 
as a promising anti-cancer molecule being evaluated in 
clinical trials for various types of cancer. FTY720 also acts 
as an immunomodulator and inducer of apoptosis in cancer 
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cells through PP2A activation [133]. LB-100 is another small 
molecule inhibitor with PP2A activating properties, used 
for the treatment of glioblastoma and hepatocellular carci-
noma [4, 134, 135]. LB-100 is commonly used in pancreatic, 
ovarian, and breast cancer as a chemo-sensitizer, showing a 
low toxicity in patients over a specific dose range [136–138]. 
Next, CPI-0610 (Pelabresib) is a small molecule inhibitor, 
currently under investigation in clinical trial in patients 
with relapsed or refractory lymphoma [139]. CPI-0610 is 
being evaluated both as a single agent and in combination 
with other therapies [140]. Also, several natural products, 
e.g. cantharidin or fostriecin, represent potent inhibitors 
of PP2A that have shown powerful anticancer activity in 
preclinical studies, particularly against solid tumors [141, 
142]. Both are being investigated in clinical trials for their 
potential therapeutic benefits in various cancer types. Lastly, 
okadaic acid is a natural potent and selective inhibitor of 
PP2A. Although not currently in clinical testing, okadaic 
acid has provided valuable insights into the role of PP2A 
in disease and may serve as a basis for the development of 
novel PP2A inhibitors [143].

A significant advance in PP2A-targeted therapy has been 
shown in the development of novel drug delivery systems 
to improve the specificity and efficacy of PP2A activa-
tors. Nanoparticle-based drug delivery systems have been 
designed to encapsulate and deliver PP2A activators specifi-
cally to tumor cells. These nanoparticles can enhance the 
bioavailability and stability of the drugs while minimizing 
off-target effects [144–145].

Combination therapies involving PP2A-targeted agents 
have also shown promise in overcoming drug resistance 
and enhancing treatment efficacy [104]. For example, 
combining PP2A activators with other anti-cancer drugs, 
such as chemotherapy or targeted therapies, has been shown 
to synergistically inhibit tumor growth and improve patient 
outcomes. Additionally, combination therapies that target 
multiple components of the PP2A signaling pathway have 
been explored to overcome the complexity and heterogeneity 
of cancer cells. Inhibition of PP2A coupled with additional 
DNA-damaging strategies may be therapeutically beneficial. 
For example, LB-100 has demonstrated synergistic effects 
with other anticancer agents, such as DNA-damaging agents 
and targeted therapies, making it a potential candidate for 
combination therapy [146].

In conclusion, PP2A isoforms play various roles in 
cancer cells, exhibiting either tumor-suppressive or tumor-
promoting functions depending on the specific cellular 
context. Although the study of PP2A isoforms in cancer is 
still limited, there is a growing interest in understanding 
their role in cancer biology. By gaining a deeper compre-
hension of PP2A regulation in processes such as cell cycle 
control, cell growth, and cell survival, we can better grasp 
the significant contribution these enzymes make to tumori-
genesis and drug resistance of cancer cells. Cellular inhibi-
tors of PP2A, namely SET and CIP2A, frequently exert 

influence on drug resistance and the survival of cancer 
cells in numerous cancer types. Consequently, therapeutic 
strategies are being developed to suppress these proteins 
and reactivate PP2A, aiming to pave the way for the next 
generation of cancer therapies. The latest advances in 
PP2A-targeted anti-cancer therapy include the discovery 
of small molecules that activate PP2A, the development of 
novel drug delivery systems for targeted delivery of these 
activators, and the exploration of combination therapies to 
enhance treatment efficacy. Further research would help to 
understand the functions of PP2A in various pathological 
and physiological processes, thus laying the foundation for 
the use of phosphatases as markers in tumor prevention, 
in early diagnosis, or in the design of targeted treatment to 
improve the prognosis of patients. Given the importance of 
the regulatory and scaffolding subunits in determining the 
localization and substrate specificity of the PP2A holoen-
zyme, work in this area as well is required to fill the void.

Acknowledgments: Creation of this review paper was sup-
ported by VEGA Grant Agency of the Slovak Republic (grant no. 
2/0056/21), the Slovak Research and Development Agency (grant 
no. APVV-19-0286), the Ministry of Education, Science Research 
and Sport of Slovak Republic (grant no. MVTS 34097104) and the 
Integrated Infrastructure Operational Program for the project “Sys-
temic public research infrastructure-biobank for cancer and rare 
diseases” (ITMS: 313011AFG5) co-financed by the European Re-
gional Development Fund. This article is based on work from COST 
Action TRANSLACORE, CA21154 – Translational control in Can-
cer European Network, supported by COST (European Coopera-
tion in Science and Technology).

References

[1] ZHANG C, BOLLAG G. Scaffold-based design of kinase in-
hibitors for cancer therapy. Curr Opin Genet Dev 2010; 20: 
79–86. https://doi.org/10.1016/j.gde.2009.10.010

[2] STEBBING J, LIT LC ZH, DARRINGTON RS, MELAIU 
O, RUDRARAJU B et al. The regulatory rolesof phospha-
tases in cancer. Oncogene 2014; 33: 939–953. https://doi.
org/10.1038/onc.2013.80

[3] CHEN W, WANG, JIANG, DING Y. PP2A-Mediated Anti-
cancer Therapy. Gastroenterol Res Pr 2013; 1–10. https://doi.
org/10.1155/2013/675429

[4] RONK H, ROSENBLUM JS, KUNG T, ZHUANG Z. Tar-
geting PP2A for cancer therapeutic modulation. Cancer 
Biol Med 2022; 19: 1428–1439. https://doi.org/10.20892/j.
issn.2095-3941.2022.0330

[5] MOORHEAD GB, TRINKLE-MULCAHY L, ULKE-LE-
MEE A. Emerging roles of nuclear protein phosphatases. Nat 
Rev Mol Cell Biol 2007; 8: 234–244. https://doi.org/10.1038/
nrm2126

[6] SHI YG. Serine/Threonine Phosphatases: Mechanism 
through Structure. Cell 2009; 139: 468–484. https://doi.
org/10.1016/j.cell.2009.10.006

https://doi.org/10.1016/j.gde.2009.10.010
https://doi.org/10.1038/onc.2013.80
https://doi.org/10.1038/onc.2013.80
https://doi.org/10.1155/2013/675429
https://doi.org/10.1155/2013/675429
https://doi.org/10.20892/j.issn.2095-3941.2022.0330
https://doi.org/10.20892/j.issn.2095-3941.2022.0330
https://doi.org/10.1038/nrm2126
https://doi.org/10.1038/nrm2126
https://doi.org/10.1016/j.cell.2009.10.006
https://doi.org/10.1016/j.cell.2009.10.006


494 Danica IVOVIČ, et al.

[7] LEE DH, CHOWDHURY D. What goes on must come off: 
phosphatases gate-crash the DNA damage response. Trends 
Biochem Sci 2011; 36: 569–577. https://doi.org/10.1016/j.
tibs.2011.08.007

[8] CUADRADO M, MARTINEZ-PASTOR B, FERNANDEZ-
CAPETILLO O. ATR activation in response to ionizing ra-
diation: still ATM territory. Cell Div 2006; 1: 7. https://doi.
org/10.1186/1747-1028-1-7

[9] JETTE N, LEES-MILLER SP. The DNA-dependent protein 
kinase: A multifunctional protein kinase with roles in DNA 
double strand break repair and mitosis. Prog Biophys Mol 
Biol 2015; 117: 194–205. https://doi.org/10.1016/j.pbiomol-
bio.2014.12.003

[10] WANG Y, XU H, LIU T, HUANG M, BUTTER P-P et al. 
Temporal DNA-PK activation drives genomic instability and 
therapy resistance in glioma stem cells. JCI Insight 2018; 3. 
https://doi.org/10.1172/jci.insight.98096

[11] ZENG F, PENG Y, QIN Y, WANG J, JIANG G. Wee1 pro-
motes cell proliferation and imatinib resistance in chronic 
myeloid leukemia via regulating DNA damage repair depen-
dent on ATM-γH2AX-MDC1. Cell Commun Signal 2022; 
20: 199. https://doi.org/10.1186/s12964-022-01021-z

[12] SCHMIDT M, ROHE A, PLATZER C, NAJJAR A, ERD-
MANN F et al. Regulation of G2/M Transition by Inhibition 
of WEE1 and PKMYT1 Kinases. Molecules 2017; 22: 2045. 
https://doi.org/10.3390/molecules22122045

[13] MANSOURI A, RIDGWAY LD, KORAPATI AL, ZHANG Q, 
TIAN L et al. Sustained activation of JNK/p38 MAPK path-
ways in response to cisplatin leads to Fas ligand induction 
and cell death in ovarian carcinoma cells. J Biol Chem 2003; 
278: 19245–19250. https://doi.org/10.1074/jbc.M208134200

[14] CHANG KE, WEI BR, MADIGAN JP, HALL MD, SIMPSON 
RM et al. The protein phosphatase 2A inhibitor LB100 sensi-
tizes ovarian carcinoma cells to cisplatin-mediated cytotoxic-
ity. Mol Cancer Ther 2014; 14. https://doi.org/10.1158/1535-
7163.MCT-14-0496

[15] MAO Z, LIU C, LIN X, SUN B, SU C. PPP2R5A: A mul-
tirole protein phosphatase subunit in regulating cancer 
development. Cancer Lett 2018; 414: 222–229. https://doi.
org/10.1016/j.canlet.2017.11.024

[16] KALEV P, SABLINA AA. Protein phosphatase 2A 
as a potential target for anticancer therapy. Antican-
cer Agents Med Chem 2011; 11: 38–46. https://doi.
org/10.2174/187152011794941172

[17] KALEV P, SIMICEK M, VAZQUEZ I, MUNCK S, CHEN 
L et al. Loss of PPP2R2A inhibits homologous recombina-
tion DNA repair and predicts tumor sensitivity to PARP 
inhibition. Cancer Res 2012; 72: 6414–6424. https://doi.
org/10.1158/0008-5472.CAN-12-1667

[18] EICHHORN PJ. CMP. BR. Protein phosphatase 2A regula-
tory subunits and cancer. Biochim Biophys Acta 1795 2009; 
1: 1–15. https://doi.org/10.1016/j.bbcan.2008.05.005

[19] COHEN PT, BREWIS ND, HUGHES V, MANN D J. Pro-
tein serine/threonine phosphatases; an expanding family. 
FEBS Lett 1990; 268: 355–359. https://doi.org/10.1016/0014-
5793(90)81285-v

[20] LUBBERS ER, MOHLER PJ. Roles and regulation of protein 
phosphatase 2A (PP2A) in the heart. J Mol Cell Cardiol 2016; 
101: 127–133. https://doi.org/10.1016/j.yjmcc.2016.11.003

[21] WLODARCHAK N, XING Y. PP2A as a master regulator of 
the cell cycle. Crit Rev Biochem Mol Biol 2016; 51: 162–184. 
https://doi.org/10.3109/10409238.2016.1143913

[22] BASKARAN R, VELMURUGAN B. Protein phosphatase 
2A as therapeutic targets in various disease models. Life Sci 
2018; 210: 40–46. https://doi.org/10.1016/j.lfs.2018.08.063

[23] ELGENAIDI IS, SPIERS JP. Regulation of the phospho-
protein phosphatase 2A system and its modulation during 
oxidative stress: A potential therapeutic target? Pharma-
col Ther 2019; 198: 68–69. https://doi.org/10.1016/j.phar-
mthera.2019.02.011

[24] KREMMER E, OHST K, KIEFER J, BREWIS N, WALTER 
G. Separation of PP2A core enzyme and holoenzyme with 
monoclonal antibodies against the regulatory A subunit: 
abundant expression of both forms in cells. Mol Cell Biol 
1997; 17: 1692–1701. https://doi.org/10.1128/mcb.17.3.1692

[25] KHEW-GOODALL Y, HEMMINGS BA. Tissue-specific 
expression of mRNAs encoding α- and β-catalytic subunits 
of protein phosphatase 2A. FEBS Lett 1988; 238: 265–268. 
https://doi.org/10.1016/0014-5793(88)80493-9

[26] CHO US, XU WQ. Crystal structure of a protein phospha-
tase 2A heterotrimeric holoenzyme. Nat 2007; 445: 53–57. 
https://doi.org/10.1038/nature05351

[27] XING Y, XU YH, CHEN Y, JEFFREY PD, CHAO Y et al. 
Structure of protein phosphatase 2A core enzyme bound to 
tumor-inducing toxins. Cell 2006; 127: 341–353. https://doi.
org/10.1016/j.cell.2006.09.025

[28] WEI HJ, ASHBY DG, MORENO CS, OGRIS E, YEONG 
FM, et al. Carboxymethylation of the PP2A catalytic subunit 
in Saccharomyces cerevisiae is required for efficient interac-
tion with the B-type subunits CDC55p and RTS1p. J Biol 
Chem 2001; 276: 1570–1577. https://doi.org/10.1074/jbc.
M008694200

[29] HEMMINGS BA, ADAMS-PEARSON C, MAURER F, 
MUELLER P, GORIS J et al. alpha.- And .beta.-forms of the 
65-kDa subunit of protein phosphatase 2A have a similar 
39 amino acid repeating structure. Biochemistry 1990; 29: 
3166–3173. https://doi.org/10.1021/bi00465a002

[30] ORY S, ZHOU M, CONRADS TP, VEENSTRA TD, MOR-
RISON DK. Protein Phosphatase 2A Positively Regulates Ras 
Signaling by Dephosphorylating KSR1 and Raf-1 on Critical 
14-3-3 Binding Sites. Curr Biol 2003; 13: 1356–1364. https://
doi.org/10.1016/s0960-9822(03)00535-9

[31] BAJPAI R, MAKHIJANI K, RAO PR, SHASHIDHARA LS. 
Drosophila Twins regulates Armadillo levels in response to 
Wg/Wnt signal. Development 2004; 131: 1007–1016. https://
doi.org/10.1242/dev.00980

[32] FREEMAN AK, MONTEIRO AN. Phosphatases in the cel-
lular response to DNA damage. Cell Commun Signal 2010; 
8: 27. https://doi.org/10.1186/1478-811X-8-27

[33] LU J, KOVACH JS, JOHNSON F, CHIANG J, HODES R et al. 
Inhibition of serine/threonine phosphatase PP2A enhances 
cancer chemotherapy by blocking DNA damage induced 
defense mechanisms. Proc Natl Acad Sci USA 2009; 106: 
11697–11702. https://doi.org/10.1073/pnas.0905930106

https://doi.org/10.1016/j.tibs.2011.08.007
https://doi.org/10.1016/j.tibs.2011.08.007
https://doi.org/10.1186/1747-1028-1-7
https://doi.org/10.1186/1747-1028-1-7
https://doi.org/10.1016/j.pbiomolbio.2014.12.003
https://doi.org/10.1016/j.pbiomolbio.2014.12.003
https://doi.org/10.1172/jci.insight.98096
https://doi.org/10.1186/s12964-022-01021-z
https://doi.org/10.3390/molecules22122045
https://doi.org/10.1074/jbc.M208134200
https://doi.org/10.1158/1535-7163.MCT-14-0496
https://doi.org/10.1158/1535-7163.MCT-14-0496
https://doi.org/10.1016/j.canlet.2017.11.024
https://doi.org/10.1016/j.canlet.2017.11.024
https://doi.org/10.2174/187152011794941172
https://doi.org/10.2174/187152011794941172
https://doi.org/10.1158/0008-5472.CAN-12-1667
https://doi.org/10.1158/0008-5472.CAN-12-1667
https://doi.org/10.1016/j.bbcan.2008.05.005
https://doi.org/10.1016/0014-5793(90)81285-v
https://doi.org/10.1016/0014-5793(90)81285-v
https://doi.org/10.1016/j.yjmcc.2016.11.003
https://doi.org/10.3109/10409238.2016.1143913
https://doi.org/10.1016/j.lfs.2018.08.063
https://doi.org/10.1016/j.pharmthera.2019.02.011
https://doi.org/10.1016/j.pharmthera.2019.02.011
https://doi.org/10.1128/mcb.17.3.1692
https://doi.org/10.1016/0014-5793(88)80493-9
https://doi.org/10.1038/nature05351
https://doi.org/10.1016/j.cell.2006.09.025
https://doi.org/10.1016/j.cell.2006.09.025
https://doi.org/10.1074/jbc.M008694200
https://doi.org/10.1074/jbc.M008694200
https://doi.org/10.1021/bi00465a002
https://doi.org/10.1016/s0960-9822(03)00535-9
https://doi.org/10.1016/s0960-9822(03)00535-9
https://doi.org/10.1242/dev.00980
https://doi.org/10.1242/dev.00980
https://doi.org/10.1186/1478-811X-8-27
https://doi.org/10.1073/pnas.0905930106


PP2A IN CANCER AND NOVEL TARGETED THERAPIES 495

[34] JUNTTILA MR, PUUSTINEN P, NIEMELÄ M, AHOLA 
R, ARNOLD H et al. CIP2A Inhibits PP2A in Human Ma-
lignancies. Cell 2007; 130: 51–62. https://doi.org/10.1016/j.
cell.2007.04.044

[35] LI M, GUO H, DAMUNI Z. Purification and Characteriza-
tion of Two Potent Heat-Stable Protein Inhibitors of Protein 
Phosphatase 2A from Bovine Kidney. Biochemistry 1995; 34: 
1988–1996. https://doi.org/10.1021/bi00006a020

[36] PERROTTI D, NEVIANI P. Protein phosphatase 2A: a tar-
get for anticancer therapy. Lancet Oncol 2013; 14: e229–238. 
https://doi.org/10.1016/S1470-2045(12)70558-2

[37] HEIN AL, SESHACHARYULU P, RACHAGANI S, SHEININ 
YM, OUELLETTE MM et al. PR55α Subunit of Protein 
Phosphatase 2A Supports the Tumorigenic and Metastatic 
Potential of Pancreatic Cancer Cells by Sustaining Hyperac-
tive Oncogenic Signaling. Cancer Res 2016; 76: 2243–2253. 
https://doi.org/10.1158/0008-5472.CAN-15-2119

[38] NEVIANI P, SANTHANAM R, OAKS JJ, EIRING AM, NO-
TARI M et al. FTY720, a new alternative for treating blast 
crisis chronic myelogenous leukemia and Philadelphia chro-
mosome- positive acute lymphocytic leukemia. J Clin Invest 
2007; 117: 2408–2421. https://doi.org/10.1172/JCI31095

[39] JIN Y, MERTENS F, ULLENDORFF CM. Fusion of the tu-
mor suppressor gene CHEK2 and the gene for the regula-
tory subunit B of protein phosphatase 2 PPP2R2A in child-
hood teratoma. Neoplasia 2006; 8: 8413–8418. https://doi.
org/10.1593/neo.06139

[40] MARGOLIS SS, PERRY JA, FORESTER CM, NUTT LK, 
GUO Y et al. Role for the PP2A/B56delta phosphatase 
in regulating 14-3-3 release from Cdc25 to control mi-
tosis. Cell 2006; 129: 759–773. https://doi.org/10.1016/j.
cell.2006.10.035

[41] LEUNG-PINEDA V, RYAN CE, PIWNICA-WORMS H. 
Phosphorylation of Chk1 by ATR is antagonized by a Chk1-
regulated protein phosphatase 2A circuit. Mol Cell Biol 2006; 
26: 7529–7538. https://doi.org/10.1128/MCB.00447-06

[42] JAYADEVA G, KURIMCHAK A, GARRIGA J, SOTILLO E, 
DAVIS AJ et al. B55alpha PP2A holoenzymes modulate the 
phosphorylation status of the retinoblastoma-related protein 
p107 and its activation. J Biol Chem 2010; 285: 29863–29873. 
https://doi.org/10.1074/jbc.M110.162354

[43] ZHANG J, YANG PL, GRAY NS. Targeting cancer with small 
molecule kinase inhibitors. Nat Rev Cancer 2009; 9: 28–39. 
https://doi.org/10.1038/nrc2559

[44] GILAN O, DIESCH J, AMALIA M, JASTRZEBSKI K, 
CHUEH A et al. PR55α-containing protein phosphatase 
2A complexes promote cancer cell migration and inva-
sion through regulation of AP-1 transcriptional activ-
ity. Oncogene 2015; 34: 1333–1339. https://doi.org/10.1038/
onc.2014.26

[45] HONG Y L, SARGE KD. Regulation of protein phospha-
tase 2A activity by heat shock transcription factor 2. J Biol 
Chem 1999; 274: 12967–12970. https://doi.org/10.1074/
jbc.274.19.12967

[46] PADMANABHAN S, MUKHOPADHYAY A, NARASIM-
HAN SD, TESZ G, CZECH MP et al. A PP2A regulatory sub-
unit regulates C. elegans insulin/ IGF-1 signaling by modu-
lating AKT-1 phosphorylation. Cell 2009; 136: 939–951. 
https://doi.org/10.1016/j.cell.2009.01.025

[47] VERESHCHAGINA N, RAMEL MC, BITOUN E, WILSON 
C. The protein phosphatase PP2A-B’ subunit Widerborst is 
a negative regulator of cytoplasmic activated Akt and lipid 
metabolism in Drosophila. J Cell Sci 2008; 121: 3383–3392. 
https://doi.org/10.1242/jcs.035220

[48] VARADKAR P, DESPRES D, KRAMAN M, LOZIER J, 
PHADKE A et al. The protein phosphatase 2A B56γ regu-
latory subunit is required for heart development. Dev Dyn 
2014; 243: 778–790. https://doi.org/10.1002/dvdy.24111

[49] STRACK S, ZAUCHA JA, EBNER FF, COLBRAN RJ, WADZ-
INSKI BE. Brain protein phosphatase 2A: developmental reg-
ulation and distinct cellular and subcellular localization by 
B subunits. J Comp Neurol 1998; 392: 515–527. https://doi.
org/10.1002/(SICI)1096-9861(19980323)392:4<515::AID-
CNE8>3.0.CO;2-3

[50] SESHACHARYULU P, PANDEY P, DATTA K, BATRA SK. 
Phosphatase: PP2A structural importance, regulation and its 
aberrant expression in cancer. Cancer Lett 2013; 335: 9–18. 
https://doi.org/10.1016/j.canlet.2013.02.036

[51] MCCRIGHT B, RIVERS AM, AUDLIN S, VIRSHUP DM. 
The B56 Family of Protein Phosphatase 2A (PP2A) Regula-
tory Subunits Encodes Differentiation-induced Phosphopro-
teins That Target PP2A to Both Nucleus and Cytoplasm. J 
Biol Chem 1996; 271: 22081–22089. https://doi.org/10.1074/
jbc.271.36.22081

[52] GIGENA M S, ITO A, NOJIMA H, ROGERS TB A B56 
regulatory subunit of protein phosphatase 2A localizes to 
nuclear speckle in cardiomyocytes. Am J Physiol Hear Circ 
Physiol 2005; 289: 285–294. https://doi.org/10.1152/ajp-
heart.01291.2004

[53] TEHRANI MA, MUMBY MC, KAMIBAYASHI C. Identifi-
cation of a novel protein phosphatase 2A regulatory subunit 
highly expressed in muscle. J Biol Chem 1996; 271: 5164–
5170. https://doi.org/10.1074/jbc.271.9.5164

[54] DASGUPTA I, CHATTERJEE A. Recent advances in miR-
NA delivery systems. Methods Protoc 2021; 4: 10. https://
doi.org/10.3390/mps4010010

[55] CEPPI P, MUDDULURU G, KUMARSWAMY R, RAPA I, 
SCAGLIOTTI GV et al. Loss of miR-200c expression induc-
es an aggressive, invasive, and chemoresistant phenotype in 
non-small cell lung cancer. Mol Cancer Res 2010; 8: 1207–
1216. https://doi.org/10.1158/1541-7786.MCR-10-0052

[56] FADEJEVA I, OLSCHEWSKI H, HRZENJAK A. MicroR-
NAs as regulators of cisplatin-resistance in non-small cell 
lung carcinomas. Oncotarget 2017; 8: 115754–115773. 
https://doi.org/10.18632/oncotarget.22975

[57] YU W, CHEN H, QU Y, XU C, YANG C et al. MicroR-
NA-221 promotes cisplatin resistance in osteosarcoma cells 
by targeting PPP2R2A. Biosci Reports 2019; 39. https://doi.
org/10.1042/BSR20190198

[58] ZENG LP, HU ZM, LI K, XIA K. miR-222 attenuates cisplat-
in-induced cell death by targeting the PPP2R2A/Akt/mTOR 
Axis in bladder cancer cells. J Cell Mol Med 2016; 20: 559–
567. https://doi.org/10.1111/jcmm.12760

[59] ZHUANG Z, HU F, HU J, WANG C, HOU J et al. MicroR-
NA-218 promotes cisplatin resistance in oral cancer via the 
PPP2R5A/Wnt signaling pathway. Oncol Reports 2017; 38: 
2051–2061. https://doi.org/10.3892/or.2017.5899

https://doi.org/10.1016/j.cell.2007.04.044
https://doi.org/10.1016/j.cell.2007.04.044
https://doi.org/10.1021/bi00006a020
https://doi.org/10.1016/S1470-2045(12)70558-2
https://doi.org/10.1158/0008-5472.CAN-15-2119
https://doi.org/10.1172/JCI31095
https://doi.org/10.1593/neo.06139
https://doi.org/10.1593/neo.06139
https://doi.org/10.1016/j.cell.2006.10.035
https://doi.org/10.1016/j.cell.2006.10.035
https://doi.org/10.1128/MCB.00447-06
https://doi.org/10.1074/jbc.M110.162354
https://doi.org/10.1038/nrc2559
https://doi.org/10.1038/onc.2014.26
https://doi.org/10.1038/onc.2014.26
https://doi.org/10.1074/jbc.274.19.12967
https://doi.org/10.1074/jbc.274.19.12967
https://doi.org/10.1016/j.cell.2009.01.025
https://doi.org/10.1242/jcs.035220
https://doi.org/10.1002/dvdy.24111
https://doi.org/10.1002/(SICI)1096-9861(19980323)392:4<515::AID-CNE8>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1096-9861(19980323)392:4<515::AID-CNE8>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1096-9861(19980323)392:4<515::AID-CNE8>3.0.CO;2-3
https://doi.org/10.1016/j.canlet.2013.02.036
https://doi.org/10.1074/jbc.271.36.22081
https://doi.org/10.1074/jbc.271.36.22081
https://doi.org/10.1152/ajpheart.01291.2004
https://doi.org/10.1152/ajpheart.01291.2004
https://doi.org/10.1074/jbc.271.9.5164
https://doi.org/10.3390/mps4010010
https://doi.org/10.3390/mps4010010
https://doi.org/10.1158/1541-7786.MCR-10-0052
https://doi.org/10.18632/oncotarget.22975
https://doi.org/10.1042/BSR20190198
https://doi.org/10.1042/BSR20190198
https://doi.org/10.1111/jcmm.12760
https://doi.org/10.3892/or.2017.5899


496 Danica IVOVIČ, et al.

[60] BELEVYCH AE, SANSOM SETR, HO HT, NISHIJIMA 
Y, MARTIN MM et al. MicroRNA-1 and-133 increase ar-
rhythmogenesis in heart failure by dissociating phosphatase 
activity from RyR2 complex. PLoS One 2011; 6. https://doi.
org/10.1371/journal.pone.0028324

[61] BOTT A, ERDEM N, LERRER S, HOTZ-WAGENBLATT A, 
BREUNIG C et al. miRNA-1246 induces pro-inflammatory 
responses in mesenchymal stem/ stromal cells by regulating 
PKA and PP2A. Oncotarget 2017; 8: 43897–43914. https://
doi.org/10.18632/oncotarget.14915

[62] GUO SG, CHEN CY, JI F, MAO L, XIE Y. PP2A catalytic sub-
unit silence by microRNA-429 activates AMPK and protects 
osteoblastic cells from dexamethasone. Biochem Biophys 
Res Commun 2017; 487: 660–665. https://doi.org/10.1016/j.
bbrc.2017.04.111

[63] LASHINE YA, SALAH S, ABOELENEIN HR, ABDELAZIZ 
AI. Correcting the expression of miRNA-155 represses 
PP2Ac and enhances the release of IL-2 in PBMCs of ju-
venile SLE patients. Lupus 2015; 24: 240–247. https://doi.
org/10.1177/0961203314552117

[64] QIU M, LIU L, CHEN L, TAN G, LIANG Z et al. microR-
NA-183 plays as oncogenes by increasing cell proliferation, 
migration and invasion via targeting protein phosphatase 2A 
in renal cancer cells. Biochem Biophys Res Commun 2014; 
452: 163–169. https://doi.org/10.1016/j.bbrc.2014.08.067

[65] HAMANO R, MIYATA H, YAMASAKI M, KUROKAWA Y, 
HARA J et al. Overexpression of miR-200c Induces Chemo-
resistance in Esophageal Cancers Mediated Through Activa-
tion of the Akt Signaling Pathway. Clin Cancer Res 2011; 17: 
3029–3038. https://doi.org/10.1158/1078-0432.CCR-10-2532

[66] ZHANG Y, TALMON G, WANG J. MicroRNA-587 antago-
nizes 5-FU-induced apoptosis and confers drug resistance 
by regulating PPP2R1B expression in colorectal cancer. 
Cell Death Dis 2015; 6: 1845. https://doi.org/10.1038/cd-
dis.2015.200

[67] LIU X, SEMPERE LF, OUYANG H, MEMOL VA, ANDREW 
AS et al. MicroRNA-31 functions as an oncogenic microRNA 
in mouse and human lung cancer cells by repressing specific 
tumor suppressors. J Clin Investig 2010; 120: 1298. https://
doi.org/10.1172/JCI39566

[68] JABLONSKA E, GORNIAK P, SZYDLOWSKI M, 
SEWASTIANIK T, BIALOPIOTROWICZ E et al. MiR-17-
92 represses PTPROt and PP2A phosphatases and amplifies 
tonic BCR signaling in DLBCL cells. Exp Hematol 2017; 46: 
56–61. https://doi.org/10.1016/j.exphem.2016.09.011

[69] ZHUANG Q, ZHOU T, HE C, ZHANG S, QIU Y et al. Pro-
tein phosphatase 2A-B55delta enhances chemotherapy sen-
sitivity of human hepatocellular carcinoma under the regula-
tion of microRNA-133b. J Exp Clin Cancer Res 2016; 35: 67. 
https://doi.org/10.1186/s13046-016-0341-z

[70] LI JJ, TAY HL, MALTBY S, XIANG Y, EYERS F et al. MicroR-
NA-9 regulates steroid-resistant airway hyperresponsiveness 
by reducing protein phosphatase 2A activity. J Allergy Clin 
Immunol 2015; 136: 462–473. https://doi.org/10.1016/j.
jaci.2014.11.044

[71] JUNG HM, PATEL RS, PHILLIPS BL, WANG H, COHEN 
DM et al. Tumor suppressor miR-375 regulates MYC expres-
sion via repression of CIP2A coding sequence through mul-
tiple miRNA–mRNA interactions. Mol Biol Cell 2013; 24: 
1638–1648. https://doi.org/10.1091/mbc.E12-12-0891

[72] WEI Y, DU Y, CHEN X, LI P, WANG Y et al. Expression pat-
terns of microRNA-218 and its potential functions by target-
ing CIP2A and BMI1 genes in melanoma. Tumor Biol 2014; 
35: 8007–8015. https://doi.org/10.1007/s13277-014-2079-6

[73] ZHAO S, GAO X, ZANG S, LI Y, FENG X et al. MicroR-
NA-383-5p acts as a prognostic marker and inhibitor of cell 
proliferation in lung adenocarcinoma by cancerous inhibitor 
of protein phosphatase 2A. Oncol Lett 2017; 14: 3573–3579. 
https://doi.org/10.3892/ol.2017.6603

[74] CHAO A, TSAI CL, WEI PC, HSUEH S, CHAO AS et al. 
Decreased expression of microRNA-199b increases protein 
levels of SET (protein phosphatase 2A inhibitor) in human 
choriocarcinoma. Cancer Lett 2010; 291: 99–107. https://doi.
org/10.1016/j.canlet.2009.10.005

[75] WANG Q, LI DC, LI ZF, LIU CX, XIAO YM et al. Upregu-
lation of miR-27a contributes to the malignant transforma-
tion of human bronchial epithelial cells induced by SV40 
small T antigen. Oncogene 2011; 30: 3875–3886. https://doi.
org/10.1038/onc.2011.103

[76] RUVOLO PP, RUVOLO VR, JACAMO R, BURKS JK, ZEN 
Z et al. The protein phosphatase 2A regulatory subunit 
B55alpha is a modulator of signaling and microRNA expres-
sion in acute myeloid leukemia cells. Biochim Biophys Acta 
2014; 1843: 1969–1977. https://doi.org/10.1016/j.bbam-
cr.2014.05.006

[77] VAUPEL P. Hypoxia and aggressive tumor phenotype: im-
plications for therapy and prognosis. Oncologist 2008; 13: 
21–26. https://doi.org/10.1634/theoncologist.13-S3-21

[78] HÖCKEL M, VAUPEL P. Biological consequences of tu-
mor hypoxia. Semin Oncol 2001; 28: 36–41. https://doi.
org/10.1016/S0093-7754(01)90211-8

[79] VAUPEL P, KALLINOWSKI F, OKUNIEFF P. Blood flow, 
oxygen and nutrient supply, and metabolic microenviron-
ment of human tumors: a review. Cancer Res 1989; 49: 6449–
6464. https://doi.org/2684393

[80] VAUPEL P, HARRISON L. Tumor hypoxia: causative fac-
tors, compensatory mechanisms, and cellular response. 
Oncologist 2004; 9: 4–9. https://doi.org/10.1634/theoncolo-
gist.9-90005-4

[81] GODA N, KANAI M. Hypoxia-inducible factors and their 
roles in energy metabolism. Int J Hematol 2012; 95: 457–463. 
https://doi.org/10.1007/s12185-012-1069-y

[82] SEMENZA GL. Hypoxia-inducible factors in physiology and 
medicine. Cell 2012; 148: 399–408. https://doi.org/10.1016/j.
cell.2012.01.021

[83] WATSON JA, WATSON CJ, MCCANN A, BAUGH J. Epi-
genetics: the epicenter of the hypoxic response. Epigenetics 
2010; 5: 293–296. https://doi.org/10.4161/epi.5.4.11684

[84] KUMAR GK, KLEIN JB. Analysis of expression and post-
translational modification of proteins during hypoxia. J Appl 
Physiol 2004; 96: 1178–1186. https://doi.org/10.1152/jap-
plphysiol.00818.2003

https://doi.org/10.1371/journal.pone.0028324
https://doi.org/10.1371/journal.pone.0028324
https://doi.org/10.18632/oncotarget.14915
https://doi.org/10.18632/oncotarget.14915
https://doi.org/10.1016/j.bbrc.2017.04.111
https://doi.org/10.1016/j.bbrc.2017.04.111
https://doi.org/10.1177/0961203314552117
https://doi.org/10.1177/0961203314552117
https://doi.org/10.1016/j.bbrc.2014.08.067
https://doi.org/10.1158/1078-0432.CCR-10-2532
https://doi.org/10.1038/cddis.2015.200
https://doi.org/10.1038/cddis.2015.200
https://doi.org/10.1172/JCI39566
https://doi.org/10.1172/JCI39566
https://doi.org/10.1016/j.exphem.2016.09.011
https://doi.org/10.1186/s13046-016-0341-z
https://doi.org/10.1016/j.jaci.2014.11.044
https://doi.org/10.1016/j.jaci.2014.11.044
https://doi.org/10.1091/mbc.E12-12-0891
https://doi.org/10.1007/s13277-014-2079-6
https://doi.org/10.3892/ol.2017.6603
https://doi.org/10.1016/j.canlet.2009.10.005
https://doi.org/10.1016/j.canlet.2009.10.005
https://doi.org/10.1038/onc.2011.103
https://doi.org/10.1038/onc.2011.103
https://doi.org/10.1016/j.bbamcr.2014.05.006
https://doi.org/10.1016/j.bbamcr.2014.05.006
https://doi.org/10.1634/theoncologist.13-S3-21
https://doi.org/10.1016/S0093-7754(01)90211-8
https://doi.org/10.1016/S0093-7754(01)90211-8
https://doi.org/2684393
https://doi.org/10.1634/theoncologist.9-90005-4
https://doi.org/10.1634/theoncologist.9-90005-4
https://doi.org/10.1007/s12185-012-1069-y
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.4161/epi.5.4.11684
https://doi.org/10.1152/japplphysiol.00818.2003
https://doi.org/10.1152/japplphysiol.00818.2003


PP2A IN CANCER AND NOVEL TARGETED THERAPIES 497

[85] RAGHURAMAN G, RAI V, PENG YJ, PRABHAKAR NR, 
KUMAR GK. Pattern-specific sustained activation of tyro-
sine hydroxylase by intermittent hypoxia: role of reactive ox-
ygen species-dependent downregulation of protein phospha-
tase 2A and upregulation of protein kinases. Antioxidants 
Redox Signal 2009; 11: 1777–1789.https://doi.org/10.1089/
ars.2008.2368

[86] CARABALLO JC, YSHII C, BUTTI ML, WESTPHAL W, 
BORCHERDING JA et al. Hypoxia increases transepithelial 
electrical conductance and reduces occludin at the plasma 
membrane in alveolar epithelial cells via PKC-zeta and PP2A 
pathway. Lung Cell Mol Physiol 2011; 300: 569–578. https://
doi.org/10.1152/ajplung.00109.2010

[87] LARSEN KO, LYGREN B, SJAASTAD I, KROBERT KA, 
ARNKVAERN K et al. Diastolic dysfunction in alveolar hy-
poxia: a role for interleukin-18-mediated increase in protein 
phosphatase 2A. Cardiovasc Res 2008; 80: 47–54. https://doi.
org/10.1093/cvr/cvn180

[88] LIN SP, LEE YT, WANG JY, MILLER SA, CHIOU SH et al. 
C. Survival of cancer stem cells under hypoxia and serum-
depletion via decrease in PP2A activity and activation of 
p38-MAPKAPK2-Hsp27. PLoS One 2012; 7. https://doi.
org/10.1371/journal.pone.0049605

[89] CHEN TI, CHIU HW, PAN YC, HSU ST, LIN JH et al. Inter-
mittent hypoxia-induced protein phosphatase 2A activation 
reduces PC12 cell proliferation and differentiation. J Biomed 
Sci 2014; 21: 46. https://doi.org/10.1186/1423-0127-21-46

[90] LU Y, CHENW, LIN C, WANG J, ZHU M et al. The protec-
tive effects of propofol against CoCl2-induced HT22 cell hy-
poxia injury via PP2A/CAMKIIalpha/nNOS pathway. BMC 
Anesthesiol 2017; 17: 32. https://doi.org/10.1186/s12871-
017-0327-1

[91] ZHANG CE, YANG X, LI L, SUI X, TIAN Q et al. Hy-
poxia-induced tau phosphorylation and memory deficit 
in rats. Neurodegener Dis 2014; 14: 107–116. https://doi.
org/10.1159/000362239

[92] ZHU M, DING J, JIANG H, KONG L, SUN Z et al. Propofol 
ameliorates endothelial inflammation induced by hypoxia/
reoxygenation in human umbilical vein endothelial cells: 
Role of phosphatase A2. Vasc Pharmacol 2015; 73: 149–157. 
https://doi.org/10.1016/j.vph.2015.06.002

[93] HOFSTETTER CP, BURKHARDT JK, SHIN BJ, GURSEL 
DB, MUBITA L et al. Protein phosphatase 2A mediates dor-
mancy of glioblastoma multiforme-derived tumor stem-like 
cells during hypoxia. PLoS One 2012; 7: 30059. https://doi.
org/10.1371/journal.pone.0030059

[94] KUCERA J, NETUSILOVA J, SLADECEK S, LANOVA M, 
VASICEK O et al. Hypoxia downregulates MAPK/ERK but 
Not STAT3 signaling in ROSdependent and HIF-1-indepen-
dent manners in mouse embryonic stem cells. Oxidative Med 
Cell Longev 2017; 2017: 4386947. https://doi.org/10.1186/
s12915-022-01423-y

[95] KOMATSU DE, BOSCH-MARCE M, SEMENZA GL, HAD-
JIARGYROU M. Enhanced bone regeneration associated 
with decreased apoptosis in mice with partial HIF- 1alpha 
deficiency. J Bone Miner Res 2007; 22: 366–374. https://doi.
org/10.1359/JBMR.061207

[96] TAKAI M, NAKAGAWA T, TANABE A, TERAI Y, OHM-
ICHI M et al. Crosstalk between PI3K and Ras pathways via 
protein phosphatase 2A in human ovarian clear cell carci-
noma. Cancer Biol Ther 2015; 16: 325–335. https://doi.org/1
0.1080/15384047.2014.1002362

[97] DI CONZA G, TRUSSO CAFARELLO S, ZHENG X, 
ZHANG Q, MAZZONE M. PHD2 Targeting Overcomes 
Breast Cancer Cell Death upon Glucose Starvation in a PP2A/ 
B55alpha-Mediated Manner. Cell Reports Cell Rep 2017; 18: 
2836–2844. https://doi.org/10.1016/j.celrep.2017.02.081

[98] SHU S, LIN CY, HE HH, WITWICKI RM, TABASSUM DP 
et al. Response and resistance to BET bromodomain inhibi-
tors in triple-negative breast cancer. Nat 2016; 529: 413–417. 
https://doi.org/10.1038/nature16508

[99] LIU T, FANG Y, ZHANG H, DENG M, GAO B et al. HEAT-
R1negativelyregulatesAkt to help sensitize pancreatic cancer 
cells to chemotherapy. Cancer Res 2016; 76: 572–581. https://
doi.org/10.1016/j.heliyon.2018.e01055

[100] TAN J, LEE PL, LI Z, JIANG X, LIM YC et al. B55β-associated 
PP2A complex controls PDK1-directed myc signaling 
and modulates rapamycin sensitivity in colorectal cancer. 
Cancer Cell 2010; 18: 459–471. https://doi.org/10.1016/j.
ccr.2010.10.021

[101] HALES EC, TAUB JW, MATHERLY LH. New insights into 
Notch1 regulation of the PI3K-AKT-mTOR1 signaling axis: 
targeted therapy of γ-secretase inhibitor resistant T-cell 
acute lymphoblastic leukemia. Cell Signal 2014; 26: 149–161. 
https://doi.org/10.1016/j.cellsig.2013.09.021

[102] RUVOLO PP. The broken ´´Off´´ switch in cancer signaling: 
PP2A as a regulator of tumorigenesis, drug resistance, and 
immune surveillance. BBA Clin 2016; 6: 87–99. https://doi.
org/10.1016/j.bbacli.2016.08.002

[103] DO K, SPERANZA G, BISHOP R, KHIN S, RUBINSTEIN L 
et al. Biomarker-driven phase 2 study of MK-2206 and selu-
metinib (AZD6244, ARRY-142886) in patients with colorec-
tal cancer. Investig New Drugs 2015; 33: 720–728. https://
doi.org/10.1007/s10637-015-0212-z

[104] MAZHAR S, TAYLOR SE, SANGODKAR J, GOUTHAM 
N. Targeting PP2A in cancer: Combination therapies. BBA 
– Mol Cell Res 2019; 1866: 51–63. https://doi.org/10.1016/j.
bbamcr.2018.08.020

[105] REYNHOUT S, JANSSENS V. Physiologic functions of 
PP2A: lessons from genetically modified mice. Biochim 
Biophys Acta 2019; 1866: 31–50. https://doi.org/10.1016/j.
bbamcr.2018.07.010

[106] SONTAG JM, SONTAG E. Protein phosphatase 2A dysfunc-
tion in Alzheimer’s disease. Front Mol Neurosci 2014; 7: 16. 
https://doi.org/10.3389/fnmol.2014.00016

[107] BECA F, PEREIRA M, CAMESELLE-TEIJEIRO JF, MAR-
TINS D, SCHMITT F. Altered PPP2R2A and Cyclin D1 ex-
pression defines a subgroup of aggressive luminal-like breast 
cancer. BMC Cancer 2015; 15: 285. https://doi.org/10.1186/
s12885-015-1266-1

[108] WATT LF, PANICKER N, MANNAN A, COPELAND B, 
KAHL RGS et al. Functional importance of PP2A regulatory 
subunit loss in breast cancer. Breast Cancer Res Treat 2017; 
166: 117–131. https://doi.org/10.1007/s10549-017-4403-5

https://doi.org/10.1089/ars.2008.2368
https://doi.org/10.1089/ars.2008.2368
https://doi.org/10.1152/ajplung.00109.2010
https://doi.org/10.1152/ajplung.00109.2010
https://doi.org/10.1093/cvr/cvn180
https://doi.org/10.1093/cvr/cvn180
https://doi.org/10.1371/journal.pone.0049605
https://doi.org/10.1371/journal.pone.0049605
https://doi.org/10.1186/1423-0127-21-46
https://doi.org/10.1186/s12871-017-0327-1
https://doi.org/10.1186/s12871-017-0327-1
https://doi.org/10.1159/000362239
https://doi.org/10.1159/000362239
https://doi.org/10.1016/j.vph.2015.06.002
https://doi.org/10.1371/journal.pone.0030059
https://doi.org/10.1371/journal.pone.0030059
https://doi.org/10.1186/s12915-022-01423-y
https://doi.org/10.1186/s12915-022-01423-y
https://doi.org/10.1359/JBMR.061207
https://doi.org/10.1359/JBMR.061207
https://doi.org/10.1080/15384047.2014.1002362
https://doi.org/10.1080/15384047.2014.1002362
https://doi.org/10.1016/j.celrep.2017.02.081
https://doi.org/10.1038/nature16508
https://doi.org/10.1016/j.heliyon.2018.e01055
https://doi.org/10.1016/j.heliyon.2018.e01055
https://doi.org/10.1016/j.ccr.2010.10.021
https://doi.org/10.1016/j.ccr.2010.10.021
https://doi.org/10.1016/j.cellsig.2013.09.021
https://doi.org/10.1016/j.bbacli.2016.08.002
https://doi.org/10.1016/j.bbacli.2016.08.002
https://doi.org/10.1007/s10637-015-0212-z
https://doi.org/10.1007/s10637-015-0212-z
https://doi.org/10.1016/j.bbamcr.2018.08.020
https://doi.org/10.1016/j.bbamcr.2018.08.020
https://doi.org/10.1016/j.bbamcr.2018.07.010
https://doi.org/10.1016/j.bbamcr.2018.07.010
https://doi.org/10.3389/fnmol.2014.00016
https://doi.org/10.1186/s12885-015-1266-1
https://doi.org/10.1186/s12885-015-1266-1
https://doi.org/10.1007/s10549-017-4403-5


498 Danica IVOVIČ, et al.

[109] ZHAO Z, KURIMCHAK A, NIKONOVA AS, FEISER F, 
WASSERMAN JS et al. PPP2R2A prostate cancer haploin-
sufficiency is associated with worse prognosis and a high 
vulnerability to B55alpha/PP2A reconstitution that triggers 
centrosome destabilization. Oncog 2019; 8: 72. https://doi.
org/10.1038/s41389-019-0180-9

[110] QIU Z, FA P, LIU T, PRASAD CB, MA S et al.  A genome-
wide pooled shRNA screen identifies PPP2R2A as a pre-
dictive biomarker for the response to ATR and CHK1 
inhibitors. Cancer Res 2020; 80: 3305–3318. https://doi.
org/10.1158/0008-5472.CAN-20-0057

[111] SMITH AS, ROBERTS KG, VERRILLS NM. Ser/Thr Phos-
phatases: the new frontier for myeloid leukemia therapy? My-
eloid Leuk – Basic Mech Leukemogenesis, ed D S Koschmie-
der (Rijeka InTech) 2011 https://doi.org/10.5772/26425

[112] MOCHIDA S, MASLEN SL, SKEHEL M, HUNT T. Great-
wall phosphorylates an inhibitor of protein phosphatase 2A 
that is essential for mitosis. Sci 2010; 330: 1670–1673. https://
doi.org/10.1126/science.1195689

[113] SCHMITZ MHA, HELD M, JANSSENS V, HUTCHINS JR, 
HUDECZ O et al. Live-cell imaging RNAi screen identi-
fies PP2A-B55alpha and importinbeta1 as key mitotic exit 
regulators in human cells. Nat Cell Biol 2010; 12: 886–893. 
https://doi.org/10.1038/ncb2092

[114] CUNDELL MJ, BASTOS RN, ZHANG T, HOLDER J, 
GRUNEBERG U et al. The BEG (PP2A-B55/ENSA/Great-
wall) pathway ensures cytokinesis follows chromosome sepa-
ration. Mol Cell 2013; 52: 393–405. https://doi.org/10.1016/j.
molcel.2013.09.005

[115] BOUSQUET E, CALVAYRAC O, MAZIERES J, LAJOIE-
MAZENC I, BOUBEKEUR N et al. RhoB loss induces Rac1-
dependent mesenchymal cell invasion in lung cells through 
PP2A inhibition. Oncogene 2016; 35: 1760–1769. https://
doi.org/10.1038/onc.2015.240

[116] CURTIS C, SHAH SP, CHIN SF, TURASHVILI G, RUEDA 
OM et al. The genomic and transcriptomic architecture of 
2,000 breast tumours reveals novel subgroups. Nature 2012; 
486: 346–352. https://doi.org/10.1038/nature10983

[117] CHENG Y, LIU W, KIM ST, SUN J, LU L et al. Evaluation of 
PPP2R2A as a prostate cancer susceptibility gene: a compre-
hensive germline and somatic study. Cancer Genet 2011; 204: 
375–381. https://doi.org/10.1016/j.cancergen.2011.05.002

[118] PANICKER N, COUTMAN M, LAWLOR-O´NEILL C, 
KAHL RGS, ROSELLI S et al. Ppp2r2a knockout mice reveal 
that protein phosphatase 2A regulatory subunit, PP2a-B55α, 
is an essential regulator of neuronal and epidermal embry-
onic development. Front Cell Dev Biol 2020; 8: 358. https://
doi.org/10.3389/fcell.2020.00358

[119] GOLDSWORTHY M, BAI Y, LI C-M, GE H, LAMAS E et al. 
Haploinsufficiency of the insulin receptor in the presence of 
a splice-site mutation in Ppp2r2a results in a novel digenic 
mouse model of Type 2 diabetes. Diabetes Metab Res Rev 
2016; 65: 1434–1446. https://doi.org/10.2337/db15-1276

[120] GIANNAKIS M, HODIS E, JASMINE MX, YAMAUCHI 
M, ROSENBLUH J et al. RNF43 is frequently mutated in 
colorectal and endometrial cancers. Nat Genet 2014; 46: 
1264–1266. https://doi.org/10.1038/ng.3127

[121] KIRCHHEFER U, HEINICK A, KONIG S, KRISTENSEN 
T, MÜLLER FU et al. Protein phosphatase 2A is regulated 
by protein kinase Ca (PKCa)-dependent phosphorylation of 
its targeting subunit B56a at Ser41. J Biol Chem 2014; 289: 
163–176. https://doi.org/10.1074/jbc.M113.507996

[122] LITTLE SC, CURRAN J, MAKARA MA, KLINE CF, HO HT 
et al. Protein phosphatase 2A regulatory subunit B56a lim-
its phosphatase activity in the heart. Sci Signal 2015; 8: 72. 
https://doi.org/10.1126/scisignal.aaa5876

[123] OKAMOTO K, LI H, JENSEN MR, ZHANG T, TAYA Y 
et al. Cyclin G recruits PP2A to dephosphorylate Mdm2. 
Mol Cell 2002; 9: 761–771. https://doi.org/10.1016/s1097-
2765(02)00504-x

[124] VIRSHUP DM, SHENOLIKAR S. From promiscuity to pre-
cision: protein phosphatases get a makeover. Mol Cell 2009; 
33: 537–545. https://doi.org/10.1016/j.molcel.2009.02.015

[125] BESSE A, SANA J, LAKOMY R, KREN L, FADRUS P et 
al. MiR-338-5p sensitizes glioblastoma cells to radiation 
through regulation of genes involved in DNA damage re-
sponse. Tumour Biol 2016; 37: 7719–7727. https://doi.
org/10.1007/s13277-015-4654-x

[126] KALASZCZYNSKA Y, GENG TIS, MIZUNO Y, CHOI I, 
KONDRATIUK DP et al. Cyclin A is redundant in fibro-
blasts but essential in hematopoietic and embryonic stem 
cells. Cell 2009; 138: 352–365. https://doi.org/10.1016/j.
cell.2009.04.062

[127] MOCHIDA S, IKEO S, GANNON J, HUNT T. Regulated ac-
tivity of PP2A-B55 delta is crucial for controlling entry into 
and exit from mitosis in Xenopus egg extracts. EMBO J 2009; 
28: 2777–2785. https://doi.org/10.1038/emboj.2009.238

[128] PAGLIUCA FW, COLLINS MO, LICHAWSKA A, ZEGER-
MAN P, CHOUDHARY JS et al. Quantitative proteomics 
reveals the basis for the biochemical specificity of the cell-
cycle machinery. Mol Cell 2011; 43: 406–417. https://doi.
org/10.1016/j.molcel.2011.05.031

[129] CHUANG E, FISHER TS, MORGAN RW, ROBBINS MD, 
DUERR JM et al. The CD28 and CTLA-4 receptors associate 
with the serine/threonine phosphatase PP2A. Immun 2000; 
13: 313–322. https://doi.org/10.1016/s1074-7613(00)00031-5

[130] RUDD CE, TAYLOR A, SCHNEIDER H. CD28 and CTLA-
4 coreceptor expression and signal transduction. Immu-
nol Rev 2009; 229: 12–26. https://doi.org/10.1111/j.1600-
065X.2009.00770.x

[131] O’CONNOR CM, PERL A, LEONARD D, SANGODKAR 
J, NARLA G. Therapeutic targeting of PP2A. Int J Biochem 
Cell Biol 2018; 96: 182–193. https://doi.org/10.1016/j.bio-
cel.2017.10.008

[132] STRADER CR, PEARCE CJ, OBERLIES NH. Fingolimod 
(FTY720): A Recently Approved Multiple Sclerosis Drug 
Based on a Fungal Secondary Metabolite. J Nat Prod 2011; 
74: 900–907. https://doi.org/10.1021/np2000528

[133] WHITE C, ALSHAKER H, COOPER C, WINKLER M, 
PCHEJETSKI D. The emerging role of FTY720 (Fingoli-
mod) in cancer treatment. Oncotarget 2016; 7: 23106–23127. 
https://doi.org/10.18632/oncotarget.7145

[134] HONG CS, HO W, ZHANG C, YANG C, ELDER JB et al. 
LB100, a small molecule inhibitor of PP2A with potent chemo- 
and radio-sensitizing potential. Cancer Biol Ther 2015; 16: 
821–833. https://doi.org/10.1080/15384047.2015.1040961

https://doi.org/10.1038/s41389-019-0180-9
https://doi.org/10.1038/s41389-019-0180-9
https://doi.org/10.1158/0008-5472.CAN-20-0057
https://doi.org/10.1158/0008-5472.CAN-20-0057
https://doi.org/10.5772/26425
https://doi.org/10.1126/science.1195689
https://doi.org/10.1126/science.1195689
https://doi.org/10.1038/ncb2092
https://doi.org/10.1016/j.molcel.2013.09.005
https://doi.org/10.1016/j.molcel.2013.09.005
https://doi.org/10.1038/onc.2015.240
https://doi.org/10.1038/onc.2015.240
https://doi.org/10.1038/nature10983
https://doi.org/10.1016/j.cancergen.2011.05.002
https://doi.org/10.3389/fcell.2020.00358
https://doi.org/10.3389/fcell.2020.00358
https://doi.org/10.2337/db15-1276
https://doi.org/10.1038/ng.3127
https://doi.org/10.1074/jbc.M113.507996
https://doi.org/10.1126/scisignal.aaa5876
https://doi.org/10.1016/s1097-2765(02)00504-x
https://doi.org/10.1016/s1097-2765(02)00504-x
https://doi.org/10.1016/j.molcel.2009.02.015
https://doi.org/10.1007/s13277-015-4654-x
https://doi.org/10.1007/s13277-015-4654-x
https://doi.org/10.1016/j.cell.2009.04.062
https://doi.org/10.1016/j.cell.2009.04.062
https://doi.org/10.1038/emboj.2009.238
https://doi.org/10.1016/j.molcel.2011.05.031
https://doi.org/10.1016/j.molcel.2011.05.031
https://doi.org/10.1016/s1074-7613(00)00031-5
https://doi.org/10.1111/j.1600-065X.2009.00770.x
https://doi.org/10.1111/j.1600-065X.2009.00770.x
https://doi.org/10.1016/j.biocel.2017.10.008
https://doi.org/10.1016/j.biocel.2017.10.008
https://doi.org/10.1021/np2000528
https://doi.org/10.18632/oncotarget.7145
https://doi.org/10.1080/15384047.2015.1040961


PP2A IN CANCER AND NOVEL TARGETED THERAPIES 499

[135] MAGGIO D, HO WS, BREESE R, WALBRIDGE S, WANG 
H et al. Inhibition of protein phosphatase-2A with LB-100 
enhances antitumor immunity against glioblastoma. J Neu-
rooncol 2020; 148: 231–244. https://doi.org/10.1007/s11060-
020-03517-5

[136] ZHAO L, LIU Z, DENG X, WANG J, SUN L et al. Polyphyl-
lin VII induces mitochondrial apoptosis by regulating the 
PP2A/AKT/DRP1 signaling axis in human ovarian can-
cer. Oncol Rep 2020; 45: 513–522. https://doi.org/10.3892/
or.2020.7879

[137] UDDIN MH, PIMENTEL JM, CHATTERJEE M, ALLEN 
JE, ZHUANG Z et al. Targeting PP2A inhibits the growth 
of triple-negative breast cancer cells. Cell Cycle 2020; 19: 
592–600. https://doi.org/10.1080/15384101.2020.1723195

[138] CHUNG V, MANSFIELD AS, BRAITEH F, RICHARDS D, 
DURIVAGE H et al. Safety, Tolerability, and Preliminary Ac-
tivity of LB-100, an Inhibitor of Protein Phosphatase 2A, in 
Patients with Relapsed Solid Tumors: An Open-Label, Dose 
Escalation, First-in-Human, Phase I Trial. Clin Cancer Res 
2017; 23: 3277–3284. https://doi.org/10.1158/1078-0432.
CCR-16-2299

[139] BLUM KA, SUPKO JG, MARIS MB, FLINN IW, GOY A et 
al. A Phase I Study of Pelabresib (CPI-0610), a Small-Mol-
ecule Inhibitor of BET Proteins, in Patients with Relapsed 
or Refractory Lymphoma. Cancer Res Commun 2022; 2: 
795–805. https://doi.org/10.1158/2767-9764.CRC-22-0060

[140] GRIESELHUBER NR, MIMS AS. Novel Targeted Thera-
peutics in Acute Myeloid Leukemia: an Embarrassment of 
Riches. Curr Hematol Malig Rep 2021; 16: 192–206. https://
doi.org/10.1007/s11899-021-00621-9

[141] NAZ F, WU Y, ZHANG N, YANG Z, YU C. Anticancer Attri-
butes of Cantharidin: Involved Molecular Mechanisms and 
Pathways. Molecules 2020; 25: 3279. https://doi.org/10.3390/
molecules25143279

[142] SWINGLE MR, AMABLE L, LAWHORN BG, BUCK SB, 
BURKE CP et al. Structure-Activity Relationship Studies of 
Fostriecin, Cytostatin, and Key Analogs, with PP1, PP2A, 
PP5, and (β12–β13)-Chimeras (PP1/PP2A and PP5/PP2A), 
Provide Further Insight into the Inhibitory Actions of Fos-
triecin Family Inhibitors. J Pharmacol Exp Ther 2009; 331: 
45–53. https://doi.org/10.1124/jpet.109.155630

[143] FUJIKI H, SUEOKA E, WATANABE T, SUGANUMA M. 
The concept of the okadaic acid class of tumor promoters is 
revived in endogenous protein inhibitors of protein phos-
phatase 2A, SET and CIP2A, in human cancers. J Cancer Res 
Clin Oncol 2018; 144: 2339–2349. https://doi.org/10.1007/
s00432-018-2765-7

[144] DE MENDOZA AE-H, CASTELLO-CROS R, CIRAU-
QUI C, PIPPA R, MORENO I et al. Reactivating PP2A by 
FTY720-Loaded Lipid Nanoparticles, a Novel Therapeutic 
Strategy in Acute Myeloid Leukemia. Blood 2012; 120: 1511–
1511. https://doi.org/10.3389/fonc.2016.00078

[145] SARDOIWALA MN, KUSHWAHA AC, DEV A, SHRIMA-
LI N, GUCHHAIT P et al. Hypericin-Loaded Transferrin 
Nanoparticles Induce PP2A-Regulated BMI1 Degradation 
in Colorectal Cancer-Specific Chemo-Photodynamic Ther-
apy. ACS Biomater Sci Eng 2020; 6: 3139–3153. https://doi.
org/10.1021/acsbiomaterials.9b01844

[146] HO WS, FELDMAN MJ, MARIC D, AMABLE L, HALL MD 
et al. PP2A inhibition with LB100 enhances cisplatin cyto-
toxicity and overcomes cisplatin resistance in medulloblas-
toma cells. Oncotarget 2016; 7: 12447–12463. https://doi.
org/10.18632/oncotarget.6970

[147] TERENTYEV D, BELEVYCH AE, TERENTYEVA R, MAR-
TIN MM, MALANA GE et al. miR-1 Overexpression En-
hances Ca 2+ Release and Promotes Cardiac Arrhythmo-
genesis by Targeting PP2A Regulatory Subunit B56α and 
Causing CaMKII-Dependent Hyperphosphorylation of 
RyR2. Circ Res 2009; 104: 514–521. https://doi.org/10.1161/
CIRCRESAHA.108.181651

[148] SU JL, CHEN PB, CHEN YH, CHEN SC, CHANG YW et 
al. Downregulation of microRNA miR-520h by E1A contrib-
utes to anticancer activity. Cancer Res 2010; 70: 5096–5108. 
https://doi.org/10.1158/0008-5472.CAN-09-4148

[149] LIU CD, WANG Q, ZONG DK, PEI SC, YAN Y et al. Knock-
down of microRNA-195 contributes to protein phosphatase-
2A inactivation in rats with chronic brain hypoperfusion. 
Neurobiol Aging 2016; 45: 76–87. https://doi.org/10.1016/j.
neurobiolaging.2016.05.010

[150] HOLLA S, KUROWSKA-STOLARSKA M, BAYR J, BALAJI 
KN. Selective inhibition of IFNG-induced autophagy by 
Mir155- and Mir31-responsiveWNT5A and SHH signal-
ing. Autophagy 2014; 10: 311–330. https://doi.org/10.4161/
auto.27225

[151] MAVRAKIS KJ, WOLFE AL, ORICCHIO E, PALOMERO 
T, DE KEERSMAECKER K et al. Genome-wide RNA-medi-
ated interference screen identifies miR-19 targets in Notch-
induced T-cell acute lymphoblastic leukaemia. Nat Cell Biol 
2010; 12: 372–U159. https://doi.org/10.1038/ncb2037

https://doi.org/10.1007/s11060-020-03517-5
https://doi.org/10.1007/s11060-020-03517-5
https://doi.org/10.3892/or.2020.7879
https://doi.org/10.3892/or.2020.7879
https://doi.org/10.1080/15384101.2020.1723195
https://doi.org/10.1158/1078-0432.CCR-16-2299
https://doi.org/10.1158/1078-0432.CCR-16-2299
https://doi.org/10.1158/2767-9764.CRC-22-0060
https://doi.org/10.1007/s11899-021-00621-9
https://doi.org/10.1007/s11899-021-00621-9
https://doi.org/10.3390/molecules25143279
https://doi.org/10.3390/molecules25143279
https://doi.org/10.1124/jpet.109.155630
https://doi.org/10.1007/s00432-018-2765-7
https://doi.org/10.1007/s00432-018-2765-7
https://doi.org/10.3389/fonc.2016.00078
https://doi.org/10.1021/acsbiomaterials.9b01844
https://doi.org/10.1021/acsbiomaterials.9b01844
https://doi.org/10.18632/oncotarget.6970
https://doi.org/10.18632/oncotarget.6970
https://doi.org/10.1161/CIRCRESAHA.108.181651
https://doi.org/10.1161/CIRCRESAHA.108.181651
https://doi.org/10.1158/0008-5472.CAN-09-4148
https://doi.org/10.1016/j.neurobiolaging.2016.05.010
https://doi.org/10.1016/j.neurobiolaging.2016.05.010
https://doi.org/10.4161/auto.27225
https://doi.org/10.4161/auto.27225
https://doi.org/10.1038/ncb2037

