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Abstract 

By removing Ser/Thr-specific phosphorylations in a multitude of protein substrates in 

diverse tissues, Protein Phosphatase type 2A (PP2A) enzymes play essential regulatory 

roles in cellular signalling and physiology, including in brain function and development. 

Here, we review current knowledge on PP2A gene mutations causally involved in 

neurodevelopmental disorders and intellectual disability, focusing on PPP2CA, PPP2R1A 

and PPP2R5D. We provide insights into the impact of these mutations on PP2A structure, 

substrate specificity and potential function in neurobiology and brain development. 

 

Introduction 

Protein Phosphatases of type 2A (PP2A) are a family of ubiquitously expressed 

phosphatases, responsible for the majority of Ser/Thr dephosphorylation in most cell 

types [1]. By counteracting Ser/Thr-specific protein kinase activity and dephosphorylating 

several protein substrates in diverse tissues, these phosphatases play essential regulatory 

roles in cellular signalling and physiology [2], including in brain function and 

development. The roles of PP2A in neurobiology are highly diverse, yet incompletely 

understood. While it has been known for a long time that PP2A dysregulation results in 

neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease in the aging 

brain [3-5], recent reports have begun to highlight the role of PP2A dysfunctions in the 

aetiology of several rare neurodevelopmental disorders (NDD). In this review, we will 

summarise current knowledge on specific PP2A gene mutations in NDD, and provide 

insights into their impact on PP2A structure and potential function in brain physiology 

and development. 

 

Structure of PP2A phosphatases 

The majority of PP2A holoenzymes are comprised of three subunits: a catalytic C, a 

scaffolding A and a regulatory B-type subunit, encoded by 19 different human genes (2 

for C-, 2 for A- and 15 for B-subunits) [6] (Figure 1A). In addition, about one-third of 

PP2A species consists of an A and C subunit only (core dimer) [7,8] (Figure 1A), or may in 
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part be complexed to ‘atypical’ regulatory proteins, such as Galpha12 [9] or subunits of 

the integrator complex [10,11] (Figure 1B). These atypical interactors and the canonical 

B-subunits determine substrate specificity and regulation of the phosphatase complex 

[6,10,12,13]. In addition, catalytically inactive PP2A complexes have been described, which 

might exist in cells as stable intermediates of the multi-step process of PP2A holoenzyme 

biogenesis [14], or might be specifically formed from disassembled PP2A complexes 

during cell stress [14,15]. These intermediate PP2A complexes harbour stabilising PP2A-

binding proteins such as alpha4, TIPRL1 (Target of rapamycin Pathway Regulator-Like 1) 

and the methyl esterase PME-1 (PP2A Methyl Esterase-1) (Figure 1B). Conversely, 

activating proteins, such as the PP2A methyl transferase LCMT1 (Leucine Carboxyl Methyl 

Transferase 1) and the ATP-dependent chaperone and isomerase PTPA (PP Two A 

Phosphatase Activator) are indispensable for the generation and assembly of active PP2A 

holoenzymes (Figure 1C) [14]. In addition, an increasing number of cellular PP2A 

inhibitory proteins has been described that inhibit phosphatase activity of (specific) PP2A 

trimers, thereby regulating their function in physiologic and pathologic conditions [16-

20] (Figure 1C). Finally, PP2A A- and some B-subunits can form atypical complexes with 

other Ser/Thr phosphatases, such as PP4 [21-24], PP5 [25,26] and PPM1G [27] (Figure 

1D), further illustrating how integration of PP2A subunits into distinct cellular complexes 

may drive different cellular functions. 

 

Determinants of PP2A substrate specificity 

PP2A achieves substrate specificity in part by (i) tissue-specific expression of canonical or 

non-canonical regulatory subunits [12], (ii) by differences in the subcellular localisation of 

the regulatory subunits [12,13], and (iii), as more recently demonstrated, by the presence 

of substrate docking motifs in some of the B-subunit families (B56 and B55) [28-35]. 

Specifically, for subunits of the B56 family, it was shown that they promote binding of the 

PP2A holoenzyme to cellular proteins harbouring a Short Linear Interaction Motif (SLiM), 

denoted as LxxIxE motif [28]. This motif is recognised by a surface-exposed hydrophobic 

pocket present in all B56 isoforms and can be found in a large number of cellular and 

viral proteins, typically in intrinsically disordered regions of those proteins [28-32]. These 
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B56 interactors are postulated to be direct PP2A-B56 substrates, or act as scaffolds for 

anchoring PP2A-B56 substrates [28,33]. Recently, another conserved ‘acidic patch’ in B56 

subunits was identified, mediating a more dynamic, electrostatic interaction with 

positively charged motifs located nearby the LxxIxE motif in a subset of B56 interactors 

[35]. In addition, B56 subunits directly seem to affect the dephosphorylation site 

preference of the PP2A catalytic subunit, resulting in unique patterns of kinase 

opposition [36,37], which are further modulated by affinity and position of the B56 

binding motifs [37]. Finally, the PP2A-B56–shugoshin (Sgo1) co-crystal structure [38] 

revealed the presence of a third substrate binding mode of PP2A-B56, involving contacts 

between Sgo1 and both the B56 and the C subunit. A subset of these Sgo1-interacting 

B56 residues [38], specifically present in B56γ and δ isoforms, and not conserved in B56α 

or ε isoforms, underlie the different subcellular localisations and functions of these 

isoforms in mitotic cells [39] - providing the first insights into how substrate specificity 

and its regulation may differ between different isoforms of the same (B56) family. 

Like B56, subunits of the B55 subunit family directly affect the dephosphorylation site 

preference of the catalytic subunit, showing a strong preference to dephosphorylate Ser-

Pro and Thr-Pro motifs, in the test tube and in cells [34,40,41]. In addition, B55 subunits 

recognise stretches of basic amino acids near the dephosphorylation site, further 

facilitating substrate docking [34,41]. Nevertheless, dephosphorylation of Ser-Pro and 

Thr-Pro sites is not a unique feature of PP2A-B55 complexes, as the INTAC complex, 

consisting of the PP2A core dimer and the 9-subunit Integrator complex, has recently 

been shown to dephosphorylate multiple Ser-Pro sites within the C-terminal domain of 

RNA polymerase II [10]. How both remaining B-type subunit families, B” and the striatins, 

dictate PP2A substrate specificity, remains unclear. 

 

PP2A subunit expression in brain 

Examination of RNA-seq data from different mouse tissues generated by the Mouse 

ENCODE consortium initiative [42] reveals PP2A subunits are highly expressed in the 

developing and adult brain (Figure 2A). Consistent with published data from human cells 

[43,44], expression of the α isoforms of PP2A A (Ppp2r1a) and C (Ppp2ca) is generally 
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much higher than expression of the β isoforms of PP2A A (Ppp2r1b) and C (Ppp2cb), 

respectively, and moderately increases during brain development (Figure 2A). While 

overall expression of B”-type subunits (Ppp2r3a and Ppp2r3c) and Strn is rather low in 

brain, all other regulatory B subunits are highly expressed, particularly Ppp2r2b and 

Ppp2r2c, Ppp2r5b and Ppp2r5d, and Strn4 (Figure 2A).  

Moreover, B55β (Ppp2r2b) and B55γ (Ppp2r2c) expression significantly rises during 

embryonic brain development (Figure 2A), with B55γ further increasing after birth, and 

B55β decreasing again, consistent with published data from rat [45]. The same increased 

embryonic brain expression pattern is seen for zinedin (Strn4) and B56β (Ppp2r5b) 

(Figure 2A). Interestingly, cellular studies in rat PC12 cells also showed increased B55β, 

B55γ and B56β (but not C, A, B56α and B56δ) expression at the protein level upon 

neuronal growth factor (NGF)-induced neuronal differentiation [46]. Overexpression of 

B55γ hereby facilitated neuritogenesis by stimulating the mitogen-activated protein 

kinase (MAPK) cascade downstream of the NGF-receptor and upstream of BRAF [46]. 

Although some caution in interpreting the data might be warranted (because of potential 

antibody specificity issues), examination of the Human Protein Atlas 

(www.proteinatlas.org) provides further insight into the spatial distribution of PP2A 

subunits in brain, with some subunits clearly clustering in defined brain sub-regions, and 

with the highest expression level differences found in the cerebellum (Figure 2B). In situ 

hybridisation and immunohistochemistry studies in rat and mouse brain have largely 

confirmed this wide distribution for the B55 subunits [45,47], the B56 subunits [48-51] 

and the striatins [52-54], although sometimes inconsistencies are seen between mRNA 

and protein distribution, which might derive from e.g. the use of antibodies recognising 

multiple isoforms of a single gene (summarised in Table 1). 

At the cellular level, PP2A is primarily expressed in neurons, but is also found in glial cells, 

such as astrocytes [47,52] and oligodendrocytes [55]. Upon fractionation of brain tissue, 

the PP2A C subunit is generally distributed and found in most subcellular fractions, 

including the cytosol, nucleus, microtubules, neurofilaments, membranes and 

synaptosomes (post-synaptic densities) [56-58]. However, the B-subunits clearly show a 

http://www.proteinatlas.org/
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more restricted subcellular localisation pattern (Table 1), suggestive for specific 

subcellular compartmentalisation of different PP2A holoenzymes within neural cells. 

Overall, the specific PP2A subunit expression patterns during brain development and 

within different adult brain areas, cell types and subcellular compartments clearly 

underscore the broad and diverse neurobiological PP2A functions. 

 

PP2A in mammalian brain function and development: in 

vivo studies 

Only few studies investigated the in vivo functions of PP2A (holoenzymes) in mammalian 

brain so far - the majority using genetically engineered mouse models [2]. 

Conditional knockout (KO) of Ppp2ca in the nervous system (Nestin-Cre or D6-Cre) 

resulted in severe microcephaly and cortical atrophy at post-natal day 7 (P7), 

characterised by loss of cortical neurons and decreased thickness of cortical layers II-V 

[59]. Animals performed poorly in a Morris water maze test, indicating learning and 

memory deficits. In Cα KO neuronal progenitor cells (NPCs), upregulated Hippo signalling 

was found, witnessed by an increased phosphorylation of MST1/2 (Ser180/183), LATS1 

(Ser909) and YAP1 (Ser127), and inhibited nuclear translocation of YAP1. Together with 

increased phosphorylation of p73 (Tyr99), this likely explains the increased apoptosis and 

diminished proliferation of these NPCs [59]. Of note, the inhibitory role of PP2A in Hippo 

signalling is mediated by the B”’/striatin subunits [60], and in Drosophila, increased B”’ 

levels promote neuronal stem cell (NSC) reactivation to generate adult neurons and glia 

cells, while the B56α/β/ε subunit maintains NSC quiescence by suppressing Insulin 

receptor/AKT signalling [61]. Accordingly, expression of the PP2A-B56 inhibitor CIP2A 

(Cancerous Inhibitor of PP2A) in several mouse brain neurogenic regions promoted 

proliferation and self-renewal of mouse NPCs, while its expression dropped dramatically 

upon NPC differentiation [62]. In the chicken embryo, CIP2A promoted the induction and 

early specification of neural crest cells into NSCs at the neural plate, but not at a later 

stage, i.e. after neural tube closure [63]. 

The specific KO of Ppp2ca in NPCs of the dorsal telencephalon from embryonic day 10.5 

(E10.5) onwards (Emx1-IRESCre) further underscored deficits in cortical development 
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upon PP2A loss [64]. In embryos of these mice, the radial glial progenitors (RGPs; the 

major neural stem cells), showed ectopic expression outside of the ventricular zone, likely 

due to loss of intact adherens junctions which would normally anchor the apical 

processes of the RGPs onto the ventricular membrane. Moreover, while their proliferation 

was unaffected, their differentiation into late-born neurons was significantly impaired, 

contributing to the microcephaly phenotype observed at P0 [64].  

The specific KO of Ppp2ca in hippocampus CA1 region (Camk2a-Cre) provided evidence 

for a role of PP2A in synaptic transmission and hippocampus-dependent memory [65]. 

Loss of Ppp2ca in CA1 did not affect basic locomotion and exploration abilities, nor 

memory formation, but impaired contextual fear memory extinction. This correlated with 

a decrease in synaptic efficiency, characterised by impaired high-frequency stimulation-

induced long-term potentiation (LTP), impaired depotentiation, and impaired low-

frequency stimulation-induced long-term depression (LTD) [65]. 

A large number of brain-specific PP2A strains (transgenic and knockout) have 

underscored the role of PP2A, and particularly of PP2A carboxy-methylation, the PP2A-

B55α and B55γ holoenzymes, and the PP2A inhibitors SET [66] and CIP2A [67,68] in 

dephosphorylation of the microtubule-associated protein tau and its role in the 

pathogenesis of AD (reviewed in [2]). However, total Ppp2r2a (B55α) knockout proved 

embryonic lethal (post E10.5) with smaller B55α KO embryos displaying a variety of neural 

defects, including disorganised cortical layers, exencephaly, spina bifida and cranial vault 

collapse, as well as syndactyly and severe epidermal defects [69]. 

In contrast, KO of other PP2A regulatory subunit genes, e.g. Ppp2r2b, Ppp2r5a, Ppp2r5c, 

Ppp2r5d and Strn, did not appear to be essential for mammalian brain development 

[51,70-75]. Ppp2r2b KO mice, specifically deficient for the B55β2 isoform, showed normal 

motor-coordination, activity, learning and anxiety levels, but showed a markedly 

decreased susceptibility for cerebral ischemia and ischemic damage [70]. This was 

attributed to increased phosphorylation and inhibition of neuronal dynamin-related 

protein 1 (Drp-1), resulting in improved mitochondrial respiratory activity, Ca
2+

 

homeostasis and attenuated superoxide production in response to ischemia [70]. 

Ppp2r5a gene-trapped mice appeared without any apparent brain dysfunction, but 
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showed skin [71] and heart abnormalities [72]. Likewise, no brain abnormalities were 

reported in Ppp2r5c gene-trapped mice, which were obese and showed defects in heart 

development [73]. Ppp2r5d KO mice had intact learning and memory, despite some 

decreased motoric performances and increased sensory abilities [51]. Heterozygous 

Ppp2r5d gene-trapped mice showed a weakened pre-pulse inhibition (PPI), exemplified 

by an increased acoustic startle response. This correlated with glycogen synthase kinase-

3β (GSK-3β) hyperphosphorylation (Ser9), and decreased phosphorylation of the GSK-3β 

substrate, KCNQ2, an M-type potassium channel protein [74]. As both genetic reduction 

and pharmacologic inhibition of KCNQ2 also attenuated PPI, this suggested a mechanism 

by which PP2A-B56δ maintains KCNQ2 channel activity and, thereby, its sensorimotoric 

gating in the medial prefrontal cortex [74]. As determined through auditory brainstem 

response measurements, Strn KO mice showed progressive hearing loss that was 

attributed to degeneration of the outer hair cells in the middle and basal regions of the 

organ of Corti, and to aberrant ribbon synapse maturation [75]. 

Other mouse studies focussed on the role of specific PP2A regulators in brain function or 

development. Conditional neuronal KO of Igbp1, encoding the PP2A biogenesis regulator 

alpha4, did not result in any brain developmental defects, but impaired learning and 

memory, correlating with increased activity of CaMKIIα [76]. The PP2A inhibitor SET 

(Suvar/Enhancer of zeste/Trithorax) was shown to regulate intrinsic axon regeneration 

capacity in mouse neurons [77]. Nuclear SET hereby clearly suppressed neurite/axon 

growth via transcriptional regulation, while membrane-associated SET promoted neurite 

growth in vitro and axon regeneration in vivo through a local inhibition of PP2A [77]. In 

utero electroporation studies of RGPs in the cortex of E13.5 mouse embryos revealed an 

important role of SETBP1 (SET Binding Protein 1), a SET stabilising protein, in neuronal 

migration, the establishment of proper cortical morphology and the projection of 

neurons through the corpus callosum [78]. The PP2A-B56-specific inhibitor BOD1 

(Biorientation Of chromosomes in cell Division 1) showed a synaptic localisation in mouse 

neurons, and its deletion in Drosophila post-mitotic neurons resulted in abnormal 

synapse morphology and learning deficits [79]. The constitutive total-body KO of Cip2a 

in mice remained without any discernible phenotype in brain [80]. 
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Finally, many studies focused on the role of brain PP2A in dopaminergic signalling and its 

regulation by cAMP and its main effector, PKA (cAMP-stimulated Protein Kinase) 

(reviewed in [81]). cAMP regulation of brain PP2A mainly impinges on the B56δ subunit 

(that becomes phosphorylated, and thereby, activated by PKA) and the PP2A inhibitors 

ARPP-16/19 and ENSA (that lose their PP2A inhibitory potential upon their 

phosphorylation by PKA) [81]. Disinhibition of PP2A-B55α and PP2A-B56δ (and 

potentially other trimers) in a neuron-specific KO mouse of Arpp16 (CamKIIa-Cre) 

significantly altered dopamine signalling in the striatum: mice showed increased 

motivation to respond to food reinforcement and decreased locomotor response to 

acute cocaine exposure. These phenotypes were associated with decreased basal 

phosphorylation of DARPP-32 (Thr57) and AKT kinase (Thr308), and a loss of forskolin-

induced increase in ERK1 phosphorylation (Thr202) in striatal slices [82]. 

 

De novo PP2A gene mutations as novel genetic causes of 

neurodevelopmental delay 

Recently, we and others reported mono-allelic de novo mutations of specific PP2A genes 

(Table 2, Table 3) as novel genetic causes of intellectual disability (ID) and 

(neuro)developmental delay (NDD), associated with hypotonia, variable degrees of 

epilepsy, brain malformation (macrocephaly or microcephaly, ventriculomegaly (VM), 

corpus callosum (CC) hypoplasia/agenesis, impaired myelination) and facial dysmorphism 

[83-95]. Some patients also exhibit growth abnormalities (overgrowth), hearing and visual 

impairments, and heart problems [83-95]. Although a new group of developmental 

disorders and still rare, PP2A dysfunction is among the more common causes of ID/DD, 

with an estimated prevalence of 0.6-1.9% in the moderate-to-severe ID group without 

pathogenic copy number alterations [84]. By now, we are aware of approximately 300 

cases worldwide, based on published studies and data from the Jordan’s Guardian Angels 

Foundation (https://jordansguardianangels.org/), an international charity and family 

network, advocating for individuals affected by these rare disorders. 

PPP2R5D, PPP2R5C and PPP2R5B-related disorders 

https://jordansguardianangels.org/
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By far the largest number of PP2A regulatory B subunit mutated cases harbour mutations 

in PPP2R5D, encoding the regulatory B56δ subunit [84-91] (Table 2). The PPP2R5D-

related disorder, termed MRD35 (mental-retardation-dominant-type 35) in the OMIM 

database (MIM: 616355), is characterised by mild to severe NDD, macrocephaly, 

pronounced hypotonia with severe delay in gross motor skills, speech impairment, 

autistic traits and commonly seizures [96]. All but one of the biochemically characterised 

B56δ variants showed decreased A and C binding, suggesting a dominant-negative 

mode-of-action involving substrate ‘trapping’ [84]. PPP2R5C (encoding B56γ) and 

PPP2R5B (encoding B56β) are other PP2A genes associated with ID and overgrowth [85], 

each reported in just a single patient so far (Table 2). Although not yet biochemically 

characterised, the PPP2R5C and PPP2R5B variants are affected in the same, highly 

conserved acidic loop that is recurrently mutated in PPP2R5D-affected individuals 

(Figure 3). In B56β, this loop supposedly determines substrate recognition, mediating 

binding of tyrosine hydroxylase (TH) to B56β [97]. Structural data from the PP2A-B56γ1 

holoenzyme [98] indicates this loop connects α-helices 3 and 4 of HEAT-repeat 2 (HR2) of 

B56γ1 and mediates a direct contact between B56γ1 and the C subunit through its top 

residue, corresponding to E198 in B56δ (Figure 3). This may explain why the E198K 

charge-reversing substitution (the most recurrent PPP2R5D variant) results in the largest 

C-binding impairment, and substitutions in the rest of the acidic loop and in the helices 

at the bottom of the loop (Figure 3) affect C-binding considerably less (Table 2). 

Notably, although C subunit binding is impaired, none of the acidic loop variants 

completely abolished holoenzyme formation, potentially hinting at another mechanism, 

whereby the variants may affect PP2A-B56δ substrate specificity by regulating substrate 

access to the C subunit. In this scenario, the acidic loop within the p.E198K variant may 

be a lot less effective in shielding access of the substrate to the C subunit active site, 

resulting in a gain-of-function mechanism. This, however, remains to be further clarified. 

Of the three other reported B56δ variants, one (p.E250K) affects a conserved region 

immediately downstream of the SLiM-binding domain in the primary amino acid 

sequence that forms the intra-helical loop of HR3 and is in close contact with the acidic 

loop and the C subunit (Figure 3); one (p.E420K) affects the second helix of HR7, a 
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conserved region in all B56 isoforms, of which the precise function is unclear (Figure 3); 

and another (p.P53S) is uniquely present in the specific N-terminal domain of the B56δ 

isoform (and is hence not present in any of the known B56 crystal structures). While the 

p.P53S variant showed normal A/C binding [84], p.E420K exhibited a mild A/C subunit 

binding defect and decreased phosphatase activity measured on DiFMUP (6,8-Difluoro-

4-Methylumbelliferyl Phosphate) as a substrate [99]. How the p.E250K variant might be 

biochemically impaired remains to be determined, although an A/C-binding defect 

seems likely. 

The first functional or downstream consequences of PPP2R5D mutation were recently 

described for the p.E420K variant in HEK293 cells [99]. Unbiased quantitative proteomic 

and phospho-proteomic analyses of heterozygous and homozygous E420K knockin (KI) 

cells revealed heterozygous-dominant changes in kinase/phosphatase signalling. 

Particularly, AKT-mTOR signalling was constitutively activated in p.E420K-expressing cells, 

correlating with increased cell size and an increased representation of phospho-peptides 

containing the AGC kinase consensus motif (R-x-R-x-x-S/T-B, where x represents any 

amino acid and B represent amino acids with a hydrophobic R-group) [99]. Interestingly, 

addition of rapamycin, a pharmacologic inhibitor of mTOR1, reduced cell size and 

phospho-S6 levels, but not phospho-AKT or phospho-GSK-3β, suggesting the p.E420K 

variant would affect signalling upstream of mTOR1 [99]. In this respect, a clear 

association between AKT1 and PP2A-B56δ or the p.E420K variant was found, suggesting 

AKT as the major PP2A-B56δ substrate. Although still speculative, upregulated AKT-

mTOR signalling may contribute to the macrocephaly phenotype seen in all three 

reported E420K cases [86]. 

Epilepsy seems another major risk in the PPP2R5D-related disorder, although not all 

reported cases suffer from it (Table 2) and the observed seizure types are highly diverse 

[96]. Although the molecular basis for this is still unknown, PP2A-B56δ plays a key role in 

nuclear targeting of the calcium channel subunit CACNB4 through a direct interaction 

[100]. Interestingly, PP2A-B56δ binding was lost in mutated CACNB4 with a variant 

associated with juvenile myoclonic epilepsy [100], perhaps advocating to check the 

integrity of CACNB4 binding to PPP2R5D variants as well. 
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Although the natural history of the PPP2R5D-related syndrome remains unclear, five 

adult cases (with variants p.E198K, p.E200K and p. E250K) were recently reported with 

signs of early-onset Parkinsonism [89-91]. Noteworthy was the reduced uptake of 

dopamine in the basal ganglia, the presence of severe substantia nigra atrophy and the 

absence of Lewy body or α-synuclein pathology. Both PP2A-B56β [49,97] and PP2A-B56δ 

[101] have been shown to regulate TH dephosphorylation/inactivation (B56δ: Ser40) and 

thus decrease dopamine synthesis. Conversely, PP2A-B56δ is also a clear target of 

dopamine signalling, as it becomes phosphorylated by PKA on Ser573 within its C-

terminal domain [102]. This phosphorylation promotes substrate affinity and catalytic 

efficiency, while leaving A/C binding unaffected [102]. In striatal dopaminergic neurons, 

the PP1 inhibitor DARPP-32 is a major PP2A-B56δ substrate regulated that way [102]. 

However, it is unclear whether TH or DARPP-32 dysregulation might contribute to the 

pathogenesis of PPP2R5D-related disorders, or whether PP2A-B56δ regulation by PKA 

might be altered in the PPP2R5D variants. Other age-related neurodegenerative 

comorbidities might also be of relevance, given that Ppp2r5d KO mice develop 

progressive tauopathy with increased phosphorylation of tau but without neurofibrillary 

tangle formation in the hindbrain and brainstem [51]. The latter might also contribute to 

Parkinson’s disease [103]. Finally, increased susceptibility for cancer development is a 

theoretical risk given the increased incidence of spontaneous cancer development in 

Ppp2r5d KO mice, mainly of hepatocellular carcinomas and hematologic malignancies 

[104,105]. So far, there are however no clinical indications suggesting increased cancer 

incidence in PPP2R5D-related NDD. 

PPP2R1A-related disorder 

De novo mutations in PPP2R1A, encoding the scaffolding Aα subunit, have recently been 

extended to 37 cases [84,92-94] (Table 3). The PPP2R1A-related disorder, also termed 

MRD36 (MIM: 616362), exhibits a heterogeneous clinical presentation, with at least two 

distinguishable phenotypic and biochemical subgroups [92]. Common features are 

hypotonia and developmental delay (DD), usually in the intellectual disability (ID) range. 

The least severely affected subgroup encompasses variants in HEAT-repeats HR4 

(p.F141I) and HR5 (p.T178N/S, p.M180T/V/K/R) and is characterised by ID/DD with a 



13 
 

tendency for large head circumference (macrocephaly), absence of seizures and, in some 

cases, microtia and hearing loss (Table 3). Biochemically, these variants show normal B55 

and B”’ binding, severely decreased binding to all B56 subunits except B56δ, and variable 

binding defects to B” subunits (Table 3). The more severely affected subgroup consists of 

different variants in HEAT-repeats HR5 (p.P179L, p.R182W, p.R183W/Q), as well as 

variants in HR6 (p.S219L, p.V220M) and HR7 (p.R258S/H), and is characterised by 

moderate to severe ID, tendency for small head circumference (microcephaly), a long 

face, seizures and corpus callosum hypoplasia/agenesis. In these cases, B55 binding was 

always severely impaired and correlated with a tendency for increased B”’ binding (except 

for p.P179L); B56 and B” subunits showed more variable binding defects, while B56δ 

binding was always retained (Table 3). Notably, variants from this subgroup are 

recurrently present in COSMIC (http://cancer.sanger.ac.uk/cosmic) and thus somatically 

found in tumours, with highest frequency in endometrial cancers [106]. Although in one 

case (PPP2R1A p.S219L), a benign tumour (lipoblastoma) was found at a very young age 

(1y) [92], it remains to be established whether an increased cancer risk is part of the 

clinical picture of this PPP2R1A-affected subgroup. Ectopic expression of p.R183Q in a 

uterine cancer cell line increased anchorage-independent growth and tumour formation, 

correlating with increased AKT and mTOR/p70-S6 signalling, but decreased ERK pathway 

activation [107]. On the other hand, expression of p.R183W in a colon cancer cell line or 

shp16-shp53-Myc/RAS epithelial cells (M/R cells) did not affect growth and correlated 

with increased ERK signalling [108] – indicating potential variant- and context-dependent 

signalling alterations. 

One PPP2R1A-affected case showed a very mild phenotype with ASD and mild learning 

problems (full scale IQ of 86) and no hypotonia, consistent with a normal biochemical 

profile of the associated p.S152F variant (Table 3) [92]. Nevertheless, ectopic expression 

of p.S152F in primary neurons resulted in fewer dendritic spines compared to WT Aα 

expressing neurons, indicative for an altered functionality [92]. Mapping of the 

pathogenic Aα variants on the PP2A-B56γ1 crystal structure (Figure 4) further revealed 

that all, except p.S152F and p.I32M, clustered on one side of the horseshoe-shaped Aα 

molecule in or around the intra-helical repeat loops of HR4, HR5, HR6 or HR7 that 

http://cancer.sanger.ac.uk/
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constitute the binding interfaces with regulatory B subunits (Figure 4A). Nevertheless, it 

seems that different B-type subunits critically depend on integrity of different HRs, and 

even specific amino acids within a given HR, to retain Aα binding (Figure 4B) [92]: for 

B55, these are HR4, HR5 and HR6; for B56 (except B56δ), these are HR4 and HR5 and for 

some isoforms, HR6; for B”, these are HR4 and HR7 and some residues within HR5; for 

B”’, binding is entirely independent of HR4-HR7 but mainly occurs via the intra-helical 

repeat loop of HR1, as recently demonstrated [60]. The structural basis for the retained 

binding of B56δ to all pathogenic Aα variants remains to be determined but might 

involve contributions of its specific N- or C-terminal domains. 

Although C subunit binding occurs through HEAT-repeats HR10-HR15 (Figure 4A), 

several Aα variants show impaired C binding, which remarkably inconsistently correlates 

with associated PP2A activity (Table 3). The reason for this is currently unclear, although 

activity of different mutant Aα-containing trimers may be differentially affected, and 

increased binding of the PP2A inhibitor TIPRL1 to some mutant Aα-containing trimers 

has been reported (particularly to PP2A-B56δ) [107]. 

In conclusion, consistent with the larger apparent impact of Aα missense variants on the 

PP2A system as a whole, the PPP2R1A spectrum is clearly wider than the PPP2R5D-

related disorder - ranging from mild to severe clinical presentations, and correlating with 

different specific PP2A holoenzyme assembly and activity deficiencies - presumably 

caused by both loss- and gain-of-function mechanisms, or even combinations thereof. 

PPP2CA-related disorder 

So far, sixteen individuals with variants in PPP2CA, encoding the Cα subunit, have been 

reported [95]. The PPP2CA-related disorder, also called NEDLBA (neurodevelopmental 

disorder and language delay with or without structural brain abnormalities, MIM: 

618354), has a heterogeneous clinical presentation, characterised by mild to profound 

ID/DD, ASD and seizures (each in about half of the cases), brain abnormalities (CC 

hypoplasia, dilated ventricles, delayed myelination in some cases; two cases with 

macrocephaly and five with microcephaly), and mild or no facial dysmorphism (Table 3). 

The identified variants were dispersed throughout the C structure (Figure 5), and only 

one recurrent variant (p.H191R) and one recurrently affected amino acid (D223; variants 
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p.D223H and p.D223V) were reported [95]. Functional characterisation of the variants 

revealed mainly loss-of-function (LoF), consistent with both haploinsufficiency (for milder 

cases) as well as dominant-negative disease mechanisms (for more severe cases). Some 

mutations indeed resulted in a complete null allele (p.F146fs, p.Q125*, p.R214*, partial 

gene deletion), while others resulted in expression of Cα variants with significantly 

impaired phosphatase activity but retained binding to the A subunit and specific B-type 

subunits (Table 3). Overall, the PPP2CA-related disorder is the least ‘recognisable’ of the 

PP2A ID/DD syndromes. 

Disorders related to mutation of genes encoding cellular PP2A regulators 

Although a clear causal link with PP2A dysregulation has not (yet) been formally 

established, mutations of specific PP2A regulator encoding genes can also result in 

disorders characterised by intellectual disability and (neuro)developmental delay (Table 

4). De novo mutations in SET, encoding the PP2A inhibitory protein SET, were reported in 

8 cases [83,109,110]. The SET-related disorder (also called MRD58 or MIM: 618106) is 

characterised by mild ID/DD and mild facial dysmorphism, and most variants are 

predicted to be loss-of-function [109]. LoF is also the likely mechanism in 13 cases 

exhibiting nonsense mutations in SETBP1, encoding the SET stabilising protein SETBP1 

[111]. This SETBP1-related disorder, known as MRD29 or MIM: 616078, is characterised by 

mild to severe ID, delayed speech and motoric skill development, facial dysmorphism 

(long face, characteristic eyebrows), and often seizures [111]. In contrast, de novo gain-of-

function (GoF) mutations of SETBP1 result in Schinzel-Giedion syndrome (SGS; MIM: 

269150), a much more severe condition that affects many other organs besides brain 

[112-114]. At least 53 individuals have been reported expressing a SETBP1 variant 

affected in or nearby the DSGIGT (868-873) degron, resulting in increased SETBP1 

stability [112-114]. Expression of the p.G870S SETBP1 variant in RGPs of the developing 

mouse brain results in severe impairment of neuronal migration, cortical architecture and 

CC development [78]. SGS patients suffer from severe ID/DD, have distinctive craniofacial 

features (mid-face retraction, bi-temporal narrowing, frontal bossing, hypertelorism, short 

upturned nose, low-set abnormal ears), seizures, microcephaly (75%), CC agenesis, 

genitourinary and renal malformations, cardiac defects (50%), and an increased cancer 
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risk [112-114]. One variant (p.D269V) has been reported in CIP2A, as a novel Dandy-

Walker variant, giving rise to severe ID, speech and motoric delay and characteristic brain 

abnormalities (hypoplasia of the vermis, enlarged fourth ventricle, atrophy of the pons, 

mild atrophy of the midbrain and normal posterior fossa) [115]. Although the functional 

characterisation of this CIP2A variant was rather poor, a gain-of-function was suggested 

[115]. Finally, two homozygous nonsense variants (p.R112* and p.R151*) in BOD1 were 

reported in two independent consanguineous families, causally linked to moderate ID, 

mild facial dysmorphism, hearing impairment and endocrine abnormalities [79,116]. 

 

Therapeutic opportunities? 

Since the large majority of clinical symptoms of the PP2A ID/DD syndromes cannot yet 

be molecularly explained, it is currently difficult to envisage therapeutic strategies based 

on rational insights. Nevertheless, PP2A syndromes may be amongst the treatable causes 

of genetic disorders because disturbed brain function, and not brain development, seem 

to be the main problem. In particular, a potential benefit of pharmacologic kinase 

inhibitors could be considered impacting on affected PP2A substrates, e.g targeting the 

PI3K-AKT-mTOR pathway that was shown to be overactive in PPP2R5D E420K KI cells [99] 

as well as in HEC-1A cells overexpressing PPP2R1A p.R183Q [107]. In addition, recently 

developed pharmacologic PP2A activators and inhibitors, many of which have the ability 

to cross the blood-brain-barrier [117], and some of which even modulate activity of 

specific PP2A holoenzymes [118-120] could become of future therapeutic relevance. 

 

Perspectives 

• PP2A-related DD/ID are rare disorders, so far mainly affecting PPP2R5D, PPP2R1A and 

PPP2CA, which clearly illustrates the important role of PP2A in brain function and 

development. However, more cases/variants and biochemical studies are needed to 

provide additional insights into the pathogenic mechanisms, in particular whether 

specific variants may act in a dominant-negative way, as loss-of-function variants, or 

rather through a gain-of-function mechanism. It also remains to be determined to what 
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extent specific variants, within a single affected gene or affecting different PP2A subunit 

or inhibitor genes, may impact on common signalling pathways, or whether variant-

specific differences may exist. 

• PP2A-B56δ dysfunction is particularly involved in PP2A-related DD/ID, and there is 

immediate need for further deciphering PP2A-B56δ crystal structure, phospho-regulation 

and function in order to understand the impact of different PP2A mutations on these 

properties. 

• Generation and characterisation of relevant disease models is eagerly awaited, not just 

to provide insights into the molecular pathogenesis of PP2A syndromes, but also for use 

as pre-clinical test models for PP2A-directed or kinase-targeted therapeutics. 
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Figures and tables 

 

Figure legends 

Figure 1: Structural arrangement of PP2A holoenzymes, and main cellular regulators. 

A. Canonical PP2A complexes consist of at least a catalytic C subunit (α or β isoform, 

encoded by PPP2CA or CB) and a structural A subunit (α or β isoform, encoded by 

PPP2R1A or R1B), which together constitute the PP2A core dimer. PP2A heterotrimers 

consist of a core dimer bound to a regulatory B-type subunit, which belongs to one of 

four families (B, B’, B” or B”’) and are encoded by 15 different human genes (PPP2R2A to 

R2D, PPP2R3A to R3C, PPP2R5A to R5E, and PPP2R6A to R6C; (alternative) protein names 

of the four B subunit family members are shown between brackets). Additional B-type 

subunit diversity is created by alternative splicing of some of these regulatory B subunit 

encoding genes, or by alternative translation of some deriving mRNAs. B. Besides these 

PP2A holoenzymes, several non-canonical PP2A complexes have been described 

exhibiting phosphatase activity towards specific cellular protein substrates, exemplified 

by the INTAC complex (=PP2A core dimer bound to 9 subunits of the Integrator 

complex) and a complex between the core dimer and the Galpha12 protein. In addition, 

several catalytically inactive PP2A complexes are known to exist in cells, e.g. harbouring 

TIPRL1 (encoded by TIPRL), alpha4 (IGBP1) or PME-1 (PPME1). C. PP2A activators PTPA 

(PP2A activator, encoded by PPP2R4) and LCMT1 (PP2A Leucine Carboxyl Methyl 

Transferase 1, encoded by LCMT1) perform indispensable functions in promoting 

assembly of active PP2A holoenzymes, while an increasing number of cellular PP2A 

inhibitory proteins inhibit phosphatase activity of (specific) PP2A trimers. D. Some 

canonical PP2A regulatory B-type subunits form functional complexes with other 

phosphatases, including the PP2A-like phosphatases PP4 and PP5, and the PP2C-like 

phosphatase PPM1G. 

Figure 2. Expression of PP2A subunit genes in brain. 

A. Expression of PP2A genes in mouse brain as determined by RNA-seq by the Mouse 

ENCODE consortium initiative (n=2) [42]. The Mouse ENCODE dataset was queried 

through the NCBI Gene database (www.ncbi.nlm.nih.gov/gene), exported to Excel, and 
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displayed as a heat map, with green indicating highest expression, and red indicating 

lowest expression. Numbers denote ‘the number of reads per kilobase per million reads 

placed’ (RPKM). Data for Ppp2r3d were absent in this dataset. B. Expression of PP2A 

subunits in human brain according to Human Protein Atlas data. Data were obtained 

from the Consensus Human Brain dataset, clustering and displayed as a heat map using 

Clustvis software. Blue denotes low expression, red denotes high expression. 

Figure 3. Mutation hotspots in PPP2R5D, PPP2R5C and PPP2R5B-related disorders. 

A. Most identified PPP2R5D variants (in green), and the single identified PPP2R5C (green 

underlined) and PPP2R5B (green italics underlined) variants are affected in a conserved 

acidic loop (❶), present in all B56 isoforms, that directly faces the C subunit. Another 

affected PPP2R5D region harbouring E250 (❷) is located just downstream of the SLiM-

binding domain (❹), and is fully conserved in all B56 members. Residues within the 

SLiM-binding domain predicted to be involved in substrate binding are indicated in light 

blue (numbering according to B56γ1). The third affected region in PPP2R5D is a 

conserved helix that harbours the E420 residue (❸). The structure was generated based 

on PP2A-B56γ1 crystallographic data, using PDB code 2IAE [98] and Molsoft MolBrowser 

3.9-2b software (ICM-Browser-Pro). The PP2A C subunit is shown in dark blue, the A 

subunit in yellow and the B56γ1 subunit in red. B. Level of conservation amongst all B56 

isoforms of residues in the three affected regions of PPP2R5D. Mutated residues in red; 

conserved residues in blue; non-conserved residues in black. 

Figure 4. Mutation hotspots in PPP2R1A-related disorders. 

A. Localisation of Aα variants (in red) within HEAT-repeats, HR1, HR4, HR5, HR6 and HR7, 

with intrarepeat loop residues highlighted in purple. All but two variants (p.I32M and 

p.S215F) cluster at the same side of the horseshoe, which constitutes the interface with 

the regulatory B-type subunits (as seen in the inset). The structure was generated based 

on PP2A-B56γ1 crystallographic data, using PDB code 2IAE [98] and visualised with 

Molsoft MolBrowser 3.9-2b software (ICM-Browser-Pro). The PP2A C subunit is shown in 

dark blue, the A subunit in yellow and the B56γ1 subunit in red. B. Overview of necessary 

binding interfaces of different PP2A B-type subunits to the intra-helical repeats of HR4, 

HR5, HR6 and HR7 of Aα, based on biochemical analyses of PPP2R1A variants [92] and 
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complementary to crystal structure data. Binding of B55α is most dependent on binding 

contacts with intra-helical loops of HR5, HR6 and HR7, while B56 isoforms, except B56δ, 

predominantly bind to intra-helical loops of HR4 and HR5, and to a lesser extent, of HR6. 

Binding of PR72 requires contacts within intra-repeat loops of HR4, HR5 and HR7. B56δ 

seems unique in its Aα binding behaviour, being unaffected by single amino acid 

changes in any of the intra-repeat loops of HR4-HR7. STRN3 binding does not occur via 

HRs 4-7, but rather via HR1 [60]. 

Figure 5. Distribution of affected amino acids in PPP2CA-related disorders. 

Missense variants within the Cα subunit (p.G60V, p.D88G, p.Q122H, p.Y127C, p.D131H, 

p.H191R, p.D223H, p.D223V, p.Y265C) are indicated in red; truncation mutants (p.Q125*, 

p.R214*, p.R295*) in green; and insertion mutants (p.F308dup) in purple. The structure 

was analysed based on PP2A-B56γ1 crystallographic data, using PDB code 2IAE [98] and 

visualised with Molsoft MolBrowser 3.9-2b software (ICM-Browser-Pro). The PP2A C 

subunit is shown in dark blue, the A subunit in yellow and the B56γ1 subunit in red. 
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Tables 

Table 1: Expression of PP2A regulatory B subunit genes in brain: distribution, cell type and subcellular localisation. C: cytosol, CA: cornu 

ammonis; CK: cytoskeleton, DG: dentate gyrus; M: membranes, N: nucleus, n/a: not analysed 

Gene Subcellular protein localisation Brain cell type and brain region expression Ref. 

PPP2R2A 

B55α 

C, N > M > CK 

In cerebellar neurons: in the soma (C, N), 

not in the dendrites; in cortical and 

hippocampal neurons: also in dendrites 

Associated with microtubules 

*mRNA: throughout; high in striatum 

*Protein: in neurons and activated astrocytes; high in striatum 

(large, and small-to-midsize neurons), CA1< CA2-CA4, cortex 

(highest in layer V, Purkinje cells, stellate and basket cells), 

globus pallidus, thalamus, hypothalamus, midbrain, hind brain 

[45,47,58] 

PPP2R2B 

B55β 

C > M, CK 

In cerebellar neurons: in the soma (C), 

dendrites and axons; in cortical and 

hippocampal neurons: less in dendrites 

*mRNA: throughout; low in cerebellum 

*Protein: only in neurons; low in cerebellum, high in striatum 

(only in large neurons), CA1<CA2-CA4, cortex (highest in layer 

V, Purkinje cells), globus pallidus, thalamus, hypothalumus, 

midbrain, hindbrain 

[45,47] 

PPP2R2C 

B55γ 

CK > M, C *mRNA: throughout except in brainstem, high in olfactory bulb  

*Protein: throughout; high in hindbrain 

[45,47] 

PPP2R2D 

B55δ 

n/a *mRNA: throughout, high in cerebellum 

*Protein: n/a 

[47] 

PPP2R5A 

B56α 

n/a *mRNA: highest in brainstem, lower in cerebellum and olfactory 

bulb, lowest in cortex and hippocampus   

*Protein: n/a 

[48] 

PPP2R5B 

B56β 

In dopaminergic and noradrenergic 

neurons: in the soma and dendrites, 

undetectable in axons and presynaptic 

terminals 

*mRNA: high expression throughout, highest in hippocampus 

(CA1, CA3 > DG), cortex (uniform in II-V) and olfactory bulb; 

moderate in brainstem and cerebellum 

*Protein: widely expressed in neurons throughout, virtually 

[48,49] 
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absent in glial cells 

PPP2R5C 

B56γ 

In cortical neurons: predominantly in N, 

perinuclear area, and at the base of the 

cellular processes, absent from axons 

*mRNA: highest in cerebellum and brainstem, low in cortex and 

hippocampus, absent in olfactory bulb [48]; high expression in 

cortex, hippocampus, olfactory bulb and thalamus; low 

expression in cerebellum, striatum and corpus callosum [50] 

*Protein: exclusively in neurons, absent form astrocytes and 

oligodendrocytes 

[48,50] 

PPP2R5D 

B56δ 

In neurons: mostly in C, weak in N and 

dendrites 

*mRNA: highest in hippocampus (CA1 > CA3, DG), moderate in 

cortex and olfactory bulb, low in brainstem and cerebellum 

*Protein: in neurons; highest expression in striatum and 

thalamus; intermediate expression in brainstem and 

hippocampus; weakest expression in cortex and cerebellum  

[48,51] 

PPP2R5E 

B56ε 

n/a *mRNA: highest in cortex; moderate in hippocampus, brainstem 

and cerebellum; weak in olfactory bulb 

*Protein: n/a 

[48] 

STRN 

striatin 

In neurons: in somatodendritic 

compartment (C and M), especially in 

dendritic spines 

*mRNA: in cerebrum < cerebellum 

*Protein: in basal ganglia, cranial and spinal motor nuclei; high 

expression in striatum, olfactory tubercules, red nucleus, 

subthalamic nucleus and cranial nerve motor nuclei 

[52] 

STRN3 

SG2NA 

In Purkinje cells and hippocampal 

neurons: only in C, not N; only in 

dendrites, not axons; highest density in 

dendritic spines of excitatory synapses 

*mRNA: in cerebrum > cerebellum 

*Protein: in neurons and glial cells (astrocytes in white matter); 

strong staining in cerebellum (Purkinje cells, Golgi cells), 

striatum (large aspiny interneurons) and hippocampus 

(pyramidal and granular cells) 

[52,53] 

STRN4 

zinedin 

In neurons: in somatodendritic 

compartment, enriched in dendritic 

*mRNA: in cerebrum = cerebellum 

*Protein: highest expression in hippocampus, cortex (all layers), 

[52,54] 
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spines, absent form axons olfactory bulb and striatum (caudate putamen > globus 

pallidus); hardly detectable in cerebellum and brainstem 

 

Table 2: Overview of PP2A B-type subunit encoding genes harbouring de novo mutations, causally related to the aetiology of 

(neuro)developmental disorders. RNA transcripts for PPP2R5D: NM_006245.3; PPP2R5C: NM_001161725 and PPP2R5B: NM_006244. 

ADHD: attention deficit and hyperactivity disorder; ASD: autism spectrum disorder; CC: corpus callosum; DD developmental delay; ID: 

intellectual disability; n/a: not analysed. 

variant Biochemical dysfunction Clinical description n° cases Ref. 

PPP2R5D   28  

p.P53S unclear; A/C binding normal Severe ID/DD, microcephaly, short stature, no seizures 1 [84] 

p.E197K n/a Moderate ID, DD, macrocephaly, hypotonia 1 [86] 

p.E198K A/C binding majorly impaired Severe ID/DD, hypotonia, seizures (2/6), small CC (1/6), 

macrocephaly (2/6), dilated ventricles 

Overgrowth, ID 

ID/DD, macrocephaly, hypotonia, ASD, seizures (1/2) 

Mild ID, moderate DD, macrocephaly, seizures, 

hypertelorism, ASD 

Early-onset parkinsonism (mid-20s), ID/DD, hypotonia, 

macrocephaly, seizures 

6 

 

1 

2 

2 

 

1 

 

[84] 

 

[85] 

[86] 

[87] 

 

[91] 

 

p.E200K A/C binding moderately impaired Mild ID, no seizures, hypotonia, macrocephaly 

Early-onset (22 y.) parkinsonism, mild ID, no seizures, 

overgrowth, hypotonia 

ID/DD, hypotonia, ASD 

Early-onset (27-40 y.) parkinsonism, mild ID, no seizures 

2+1 

1 

 

1 

2 

[84,85] 

[85,89] 

 

[86] 

[89] 

p.P201R A/ C binding moderately impaired moderate ID/DD, hypotonia, seizures 1 [84] 

p.W207L n/a mild ID, DD, hypotonia, macrocephaly, CC hypoplasia, 

enlarged ventricles, reduced myelination of white matter 

1 [88] 

p.W207R A/C binding moderately impaired moderate ID/DD, hypotonia, no seizures,  1 [84] 
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p.E250K n/a Moderate ID, DD, macrocephaly, ADHD, auditory 

processing disorder, early-onset parkinsonism (20 y.) 

1 [90] 

p.E420K A/C binding mildly impaired; 

downstream: increased mTOR-AKT 

signalling (HEK293 cells) 

Severe ID/DD, macrocephaly, hypotonia, ASD (2/3), 

enlarged ventricles (2/3), hypoplastic CC (1/3), white 

matter dysgenesis (1/3) 

3 [86,99] 

PPP2R5C   1  

p.T157del n/a Overgrowth, severe ID, hypotonia, seizures, conductive 

hearing loss 

1 [85] 

PPP2R5B   1  

p.S161L n/a Very tall height, moderate ID 1 [85] 

 

Table 3: Overview of PP2A A and C subunit encoding genes harbouring monoallelic, de novo mutations, causally related to the aetiology 

of (neuro)developmental disorders. RNA transcripts for PPP2R1A: NM_014225.6 and PPP2CA: NM_002715.2. ADHD: attention deficit and 

hyperactivity disorder; ASD: autism spectrum disorder; CC: corpus callosum; DD developmental delay; ESES: electrical status epilepticus 

during sleep; ID: intellectual disability; HR: HEAT-repeat; n/a: not analysed; OCD: obsessive compulsive disorder; PDD-NOS: pervasive 

developmental disorder not otherwise specified; PVLM: periventricular leukomalacia; VM: ventriculomegaly. 

variant Biochemical dysfunction Clinical description n° cases Ref. 

PPP2R1A   37  

p.I32M HR1; n/a Moderate ID, ASD, hypotonia, seizures 1 [92] 

p.F141I HR4; normal B55, B56δ and B”’ binding; loss of 

binding to B56α,β,γ1,ε and B”; decreased C 

binding but normal activity 

Severe ID, macrocephaly, ADHD, hypotonia, 

hypoplastic ears 

1 [92] 

p.S152F HR4; no B/C subunit binding or activity 

dysfunctions; less boutons upon expression in 

primary rat neuron 

No ID, normocephaly, ASD, normal muscle tone 1 [92] 

p.T178N HR5; normal B55, B56δ, B” and B”’ binding; 

decreased binding to B56α,β,γ1,ε; normal C 

binding but decreased activity 

Moderate ID, macrocephaly, ADHD, hypotonia, 

microtia/ hearing loss 

1 [92] 
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p.T178S HR5; n/a Severe ID, macrocephaly, OCD, hypotonia 1 [92] 

p.P179L HR5; only B56δ, B” and B”’ binding retained, 

decreased activity and C binding 

Severe ID, DD, microcephaly, hypotonia, no 

seizures, CC agenesis, cortical visual impairment 

Severe ID, DD, microcephaly, hypotonia, seizures, 

CC agenesis, ventriculomegaly 

1 

 

1 

[84] 

 

[92] 

p.M180T HR5; normal B55, B56δ and B”’ binding; 

decreased binding to B56α,β,γ1,ε and B”; normal 

C binding and activity 

Moderate ID, DD, macrocephaly, hypotonia, ASD 

(1/5), hypoplastic CC (1/5), delayed myelination 

(1/5), hearing loss (2/5), PVLM (1/5) 

5 [92] 

p.M180V HR5; normal B55, B56δ, and B”’ binding; 

decreased binding to B56α,β,γ1,ε and B”; normal 

C binding and activity 

Moderate ID, DD, macrocephaly, hypotonia, ASD 

(2/3) 

3 [92] 

p.M180K HR5; 50% decreased binding to B55 and trend 

for increased B”’ binding; normal B56δ and B” 

binding; loss of binding to B56α,β,γ1,ε; normal C 

binding and activity 

ID, hypotonia, seizures 1 [92] 

p.M180R HR5; n/a Mild ID, DD, microcephaly, hypotonia 1 [92] 

p.R182W HR5; loss of B55, B56α,β,γ1,ε and B” binding; 

retained B56δ and increased STRN binding; 

decreased C binding but normal activity 

Severe ID, DD, hypotonia, seizures, CC hypoplasia/ 

agenesis, large ventricles (2/3), delayed myelination 

(1/3), cortical visual impairment (1/3) 

Severe ID/DD, hypotonia, seizures (2/3), CC 

hypoplasia/agenesis, VM, delayed myelination (1/3) 

3 

 

 

3 

[84] 

 

 

[92] 

p.R183W HR5; loss of B55, B56α,β,γ1,ε and B” binding; 

retained B56δ and increased STRN binding; 

decreased C binding but normal activity; no 

growth changes + increased MEK/ERK signalling 

upon ectopic expression in SW620 or M/R cells 

Severe ID/DD, hypotonia, seizures, VM 1 [92,108] 

p.R183Q HR5; loss of B55, B56β and B” binding; retained 

B56α,γ1,δ,ε and trend for increased STRN 

binding; decreased C binding (activity: n/a); 

increased TIPRL1 binding; increased AKT and 

Seizures, hypoplastic CC, severe VM, 

pontocerebellar hypoplasia, optic nerve hypoplasia 

1 [93,107] 
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mTOR/p70 S6 signalling + decreased ERK 

signalling upon ectopic expression in HEC-1A 

cells 

p.S219L HR6; loss of B55 binding; decreased B56β,γ1,ε 

binding; retained binding to B56α,δ and B”; 

increased STRN binding; decreased C binding 

but normal activity 

Moderate ID, DD, microcephaly (1/3), hypotonia, 

ADHD (2/3), seizures (2/3), hypoplastic CC (2/3), VM 

(1/3) 

Seizures, CC agenesis, reduced brain parenchyma, 

delayed myelination in the white matter, VM, 

peripheral and central auditory impairment 

3 

 

 

1 

[92] 

 

 

[94] 

p.V220M HR6; loss of B55 binding; decreased B56β 

binding; retained binding to B56α,γ1,δ,ε and B”; 

increased STRN binding; decreased C binding 

but normal activity 

Mild to moderate ID, DD, microcephaly (1/4), ASD 

(1/4), hypotonia, seizures (2/4), CC hypoplasia/ 

agenesis, VM (2/4), delayed myelination (1/4), 

PVLM (2/4) 

4 [92] 

p.R258S HR7; loss of B55 and B” binding; retained B56 

binding; increased STRN3 binding; decreased 

activity and C binding 

DD, microcephaly 1 [92] 

p.R258H HR7; loss of B55 and B” binding; retained B56 

binding; increased STRN3 binding; decreased 

activity and C binding 

Severe ID, DD, microcephaly, hypotonia, seizures, 

CC hypoplasia 

Moderate ID, DD, microcephaly, hypotonia (1/2), 

seizures (1/2), ADHD (1/2) VM (1/2), hypoplastic CC 

1 

 

2 

[84] 

 

[92] 

PPP2CA   16  

p.G60V Very poor expression: null allele? Mild ID/DD 1 [95] 

p.D88G Inactive + no methylation; decreased binding to 

all B-type subunits except B56γ and δ: dominant-

negative effect on PP2A-B56γ and δ 

Severe ID/DD, seizures, enlarged subarachnoid 

spaces, stereotypic movements, hypotonia 

1 [95] 

p.Q122H 50% decreased activity; binding to all B-type 

subunits retained or even increased (B56α/ε, B”’) 

Moderate ID/DD, microcephaly, seizures, enlarged 

subarachnoid spaces, hypotonia 

1 [95] 

p.Q125* No expression, null allele Mild ID/DD, reduced white matter, global atrophy 

of pons and CC, hypotonia, hypermobility 

1 [95] 

p.Y127C Inactive + no methylation; retained binding to Severe ID/DD, microcephaly, mild VM, 1 [95] 
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B55 and B”’: dominant-negative effect on PP2A-

B55 and PP2A-B”’ 

pontocerebellar hypoplasia, hypotonia, bilateral 

hearing loss 

p.D131H Normal activity; no binding to any B56 subunit: 

haploinsufficiency of PP2A-B56 

Profound ID/DD, seizures (West syndrome), 

choreiform movements, hypotonia 

1 [95] 

p.F146Lfs*29 No expression, null allele Mild ID/DD, PDD-NOS, seizures (focal ESES), 

hypotonia 

1 [95] 

p.H191R Decreased activity, decreased B56δ binding, 

increased B”’ binding 

Mild ID/DD, macrocephaly (1/2), seizures (1/2: 

related to fever), VM (1/2), no hypotonia 

2 [95] 

p.R214* Inactive, only binding to α4: null allele Mild ID/DD, ASD, ADHD, seizures (Jeavons 

syndrome), hypotonia, hyperlaxity 

1 [95] 

p.D223H Normal activity and unaffected A/B binding Severe ID/DD, ASD, seizures, bilateral dilation of 

perivascular spaces along the corona radiate, mild 

hypotonia 

1 [95] 

p.D223V Normal activity and unaffected A/B binding Mild ID/DD, macrocephaly, ASD, psychoses 

(followed by regression), mildly underdeveloped 

pons, mildly dilated ventricles, hypotonia 

1 [95] 

p.Y265C Inactive + no methylation; binding to all B-type 

subunits impaired 

Mild ID/DD, microcephaly, ASD, ADHD, seizures, 

smaller CC and cerebellum, hypotonia 

1 [95] 

p.R295* 50% decreased activity, only retained binding to 

B56δ (poor) and B”’ (strong) 

Severe ID/DD, seizures (epileptic encephalopathy), 

VM, gracile CC, delayed myelination, hypotonia, 

stereotypic behaviour 

1 [95] 

p.F308dup Inactive; retained binding to B56 and B”’: 

dominant-negative on PP2A-B56 and PP2A-B”’ 

Moderate ID/DD, microcephaly, CC hypoplasia, 

myelination abnormalities, facial dysmorphism 

1 [95] 

deletion Null allele (chr5: 133,546,961-133,667,321 del) Mild ID/DD, microcephaly 1 [95] 

 

Table 4: Overview of PP2A regulator encoding genes harbouring mutations, causally related to the aetiology of (neuro)developmental 

disorders. RNA transcripts for SET: NM_001122821.1; SETBP1: NM_015559.2; BOD1: NM_138369.2; CIP2A: NM_020890.3. ADD: attention 

deficit disorder; CC: corpus callosum; DD: developmental delay; ID: intellectual disability; n/a: not analysed 
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Gene/Protein PP2A regulatory role Genetic alteration Biochemical dysfunction Clinical description Ref. 

SET/SET PP2A inhibitor De novo mutations: 

p.R57Lfs*10 (3 cases) 

p.W95G (1 case) 

p.H118Y (1 case) 

p.Q231Yfs*29 (1 case) 

c.417+1G > C (1 case) 

p.Y233* (1 case) 

 

Null allele? 

n/a 

n/a 

n/a 

dysfunctional splice site? 

n/a 

MRD58 or MIM: 618106. Mild 

ID, DD (speech, motor), mild 

facial dysmorphism; variable: 

hypermobility, ADD 

 

[83,109] 

[109] 

[109] 

[109] 

[109] 

[110] 

SETBP/SETBP1 Indirect PP2A inhibitor: 

binds and stabilises 

SET 

De novo missense GoF 

mutations: 

p.E862K (1 case) 

p.S867R (2 cases) 

p.D868N (14 cases) 

p.D868A (1 case) 

p.D868Y (1 case) 

p.D868T (1 case) 

p.S869N (1 case) 

p.S869R (1 case) 

p.G870D (3 cases) 

p.G870S (12 cases) 

p.G870C (1 case) 

p.I871T (13 cases) 

p.I871S (1 case) 

p.T873I (1 case) 

Gain-of-function: 

increased stability due to 

disruption of a degron 

(DSGIGT), decreased 

binding or loss of binding 

to SCF-βTrCP1 E3 ligase, 

phenotype in RGPs: 

migration defect, 

phenotype in developing 

mouse brain: severe 

disorganisation of the 

apical domain in the 

cortical layer + less 

neurons in the mature 

cerebral mantel zone 

contributing to the fiber 

tract of the CC 

Schinzel-Giedion syndrome 

or MIM: 269150. Severe 

ID/DD, distinctive cranofacial 

features (prominent forehead, 

bi-temporal narrowing, mid-

face retraction, hypertelorism, 

short upturned nose, low-set 

abnormal ears), skeletal 

abnormalities, genitourinary 

and renal malformations, 

seizures, CC agenesis, 

microcephaly (75%), cardiac 

defects (50%), increased 

cancer risk (e.g. 

neuroepithelial neoplasia) 

[78,112-

114] 

  De novo LoF mutations: 

gene deletion (4 cases) 

p.W532* (1 case) 

p.I822Yfs*13 (1 case) 

p.S1011* (1 case) 

Loss-of-function: 

SET-binding domain is lost 

in all truncation variants 

MRD29 or MIM: 616078. Mild 

to severe ID, DD (speech, 

motor), seizures (5/8), facial 

dysmorphism (long face, 

characteristic eyebrows and, 

[111] 
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-Inheritance unknown: 

p.G15Rfs*47 (1 case) 

p.R143Vfs*64 (1 case) 

p.L411Gfs*6 (1 case) 

p.K592* (1 case) 

p.R625* (1 case) 

p.R626* (1 case) 

less frequently, low-set ears 

and café-au-lait spots), 

hyperactivity, social and 

behavioural difficulties 

BOD1/Bod1 

(MIM: 616745) 

PP2A-B56 inhibitor Homozygous nonsense 

variants: 

p.R112* (4 cases in a large 

consanguineous family) 

p.R151* (1 case in a 

consanguineous family) 

Loss-of-function: 

nonsense mediated mRNA 

decay, no protein 

expression 

 

 

Mild to moderate ID 

 

Moderate ID, DD, mild 

dysmorphic features, high-

frequency hearing 

impairment, endocrine 

dysfunction (hypogonadism, 

short stature) 

 

 

[79] 

 

[116] 

CIP2A/CIP2A 

(MIM: 610643) 

PP2A-B56 inhibitor 2 cases (siblings: ♂,♀): 

p.D269V variant 

(father: 16% mosaicism) 

Gain-of-function (?): 

increased TOR and PP2A-C 

expression in peripheral 

blood mononuclear cells; 

impaired interferon-γ and 

interleukin-2 mRNA 

production upon 

lymphocytic activation 

Dandy-Walker variant: severe 

ID, DD (speech, motor), brain 

abnormalities (hypoplasia of 

vermis, enlarged fourth 

ventricle, normal posterior 

fossa, atrophy of the pons, 

mild atrophy of the 

midbrain), sacral leiomyoma 

(1 case, at age 24y.) 

[115] 
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