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Summary

Pathogenic variants resulting in protein phosphatase 2A (PP2A) dysfunction result in mild to severe neurodevelopmental delay. PP2A is a
trimer of a catalytic (C) subunit, scaffolding (A) subunit, and substrate binding/regulatory (B) subunit, encoded by 19 different genes.
De novo missense variants in PPP2R5D (B563) or PPP2R1A (Aa) and de novo missense and loss-of-function variants in PPP2CA (Ca)
lead to syndromes with overlapping phenotypic features, known as Houge-Janssens syndrome (HJS) types 1, 2, and 3, respectively.
Here, we describe an additional condition in the HJS spectrum in 26 individuals with variants in PPP2R5C, encoding the regulatory
B56y subunit. Most changes were de novo and of the missense type. The clinical features were well within the HJS spectrum with stron-
gest resemblance to HJS type 1, caused by B563 variants. Common features were neurodevelopmental delay and hypotonia, with a high
risk of epilepsy, behavioral problems, and mildly dysmorphic facial features. Head circumferences were above average or macrocephalic.
The degree of intellectual disability was, on average, milder than in other HJS types. All variants affected either substrate binding (2/19),
C-subunit binding (2/19), or both (15/19). Five variants were recurrent. Catalytic activity of the phosphatase was variably affected by the
variants. Of note, PPP2R5C total loss-of-function variants could be inherited from a non-symptomatic parent. This implies that a domi-
nant-negative mechanism on substrate dephosphorylation or general PP2A function is the most likely pathogenic mechanism.

Introduction netic disorders, caused by heterozygous, de novo, patho-

genic variants in PPP2R5D ([MIM: 601646], encoding the
Protein phosphatase 2A (PP2A)-related neurodevelopmen- PP2A B563 subunit, HJS1), PPP2RIA ([MIM: 605983], en-
tal disorders, recently renamed as Houge-Janssens syn- coding the PP2A Aa subunit, HJS2), or PPP2CA ([MIM:
drome (HJS) (HJS1 [MIM: 616355], HJS2 [MIM: 616362], 176915] encoding the PP2A Ca subunit, HJS3).'* PP2A
and HJS3 [MIM: 618354]), are a growing spectrum of ge- genes encode one of three subunits constituting the
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functional PP2A enzymatic complexes, with the C subunit
harboring the catalytic phosphatase activity, a regulatory
B-type subunit conferring substrate specificity and regula-
tion, and the structural A subunit scaffolding the C- and
B-type subunits.” ® PPP2CA-related syndrome (HJS3) is
characterized by variable neurodevelopmental features
such as mild to profound intellectual disability, autism
(50%), seizures (50%), brain abnormalities (micro- or mac-
rocephaly and corpus callosum hypoplasia), and mild or
no facial dysmorphism.*”* PPP2RI1A-related syndrome
(HJS2) is characterized by at least two distinctive clinical
and biochemical subgroups."”~'* Common features are
hypotonia and developmental delay. The least severely
affected PPP2R1A subgroup is characterized by intellectual
disability with relative macrocephaly, absence of seizures,
and, in some cases, microtia or hearing loss. The more
severely affected subgroup presents with moderate
to severe intellectual disability, microcephaly, seizures,
corpus callosum hypoplasia/agenesis, and, less frequently,
congenital heart defects."”~'> Hypotonia, mild to severe
intellectual disability, relative macrocephaly, and seizures
are the most notable characteristics of the PPP2ZR5D-related

Gunnar Douzgos Houge,* and Veerle Janssens®.2*

syndrome (HJS1),""*~'° which also confers a risk for early-
onset parkinsonism.'®'®

Functional characterization of HJS variants revealed
functional changes in almost all individuals, either by hap-
loinsufficiency of the remaining wild-type (WT) allele
(only proven for PPP2CA) or by dominant-negative effects
of the variants.'>”''> However, despite increased mamma-
lian target of rapamycin (mTOR) signaling and ribosomal
S6 protein phosphorylation in HEK293 cells expressing
the PPP2RSD Glu420Lys or Glu198Lys variant as a hetero-
zygous knockin,'”?" or increased AKT/mTOR signaling in
HEC-1A cells overexpressing the PPP2R1A Argl83Gln
variant,”' the functional implications of most PP2A alter-
ations on (neuronal) signaling and brain function remain
largely unknown.

In 2015, a single case report described an overgrowth
phenotype in association with a de novo variant
(Thr126del) in another PP2A gene, PPP2R5C (MIM:
601645), encoding the regulatory B56y subunit.” How-
ever, because of lack of functional characterization of
the variant, a causal relationship between occurrence of
the variant and the overgrowth phenotype has remained
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uncertain. Thr126del affects a highly conserved acidic
loop, present in all B56 subunits, which for B563 was
shown to be involved in C-subunit binding' and short
linear motif (SLiM)-containing substrate binding,'® and
for B5S6B was proposed to affect binding of tyrosine hy-
droxylase, a PP2A-B56f substrate without a BS6-interact-
ing SLiM.** More recent cryo-electron microscopy data
inferred that residues in this loop are part of a compli-
cated, still poorly understood regulatory network that in-
volves very dynamic interactions between several do-
mains of the B563 subunit and the catalytic site of the
C subunit.”’

Similarly to PPP2R5D, PPP2R5C is ubiquitously ex-
pressed in many tissues.”*”> At the cellular level, B56y
and B563 proteins are present in the cytoplasm and the nu-
cleus of most cell types.’*?® While in vivo studies in
Ppp2r5d knockout (KO) mice clearly revealed neuronal
phenotypes,?’~*° Ppp2r5c KO mice suffer from heart prob-
lems (septal defects) and obesity.>” Liver-specific Ppp2rS5c
KO mice showed increased lipogenesis and glucose uptake
by impaired regulation of AMPK signaling and SRBP1
dephosphorylation.?’ Interestingly, double Ppp2r5c/
Ppp2r5d KO mice are not viable and die around embryonic
day 12 (E12),*” further demonstrating the essential func-
tions of both genes and suggesting an evolutionary over-
lap.”” Notably, as for B563,”**> B56y subunits confer major
tumor-suppressive functions to PP2A in diverse cell
models,***” supposedly by their ability to dephosphory-
late the oncogenic kinase AKT*® and some of its substrates,
including p27/KIP.*’ In other contexts, PP2A-B56y holo-
enzymes dephosphorylate the mitogen-activated protein
kinase (MAPK) ERK*” and the mTOR substrate p70-S6 ki-
nase,*!"*? further establishing their anti-proliferative prop-
erties. Other described cellular B56y substrates include
paxillin,** p53,**** IkB kinase IKK,*® and the mitotic regu-
lators, BubR1 and Sgo2.*”*%

Here, we report on 26 previously unpublished individ-
uals with pathogenic or likely pathogenic PPP2R5C vari-
ants and describe the related clinical presentation. We
identified 19 pathogenic PPP2R5C variants, five of which
were recurrent and eight of which affect amino acids at
orthologous positions of variants reported for PPP2R5D
(6/8 showing the same missense variation). We have
also collected individuals with de novo or inherited
nonsense and consensus splice variants, all predicted to
result in complete loss of function, and one individual
with a familial complete gene deletion. We did not find
clear evidence for such variants being pathogenic, i.e.,
for PPP2R5C haploinsufficiency. Biochemical character-
ization of these variants and of the single previously re-
ported PPP2RSC variant Thr126del” revealed variable de-
grees of A/C subunit and substrate (liprin-al) binding
deficiencies and impaired catalytic activity, without clear
correlation with clinical severity. Overall, our data estab-
lish PPP2R5C as another PP2A gene causally involved in
neurodevelopmental disorders, further expanding the
spectrum of HJS.

Subjects, material, and methods

Ethics statement

This study was performed according to the Declaration of
Helsinki. All participants were ascertained by clinical diag-
nostics procedures, and parents gave clinical informed
consent for testing. Their permission for inclusion in this
collection of individuals with PPP2R5C variants, including
photographs, was obtained using standard consent forms
that were used and stored locally at each site. If required,
each site was responsible for obtaining ethics approval
for data sharing.

Cohort collection

We wused a genotype-first approach through the
GeneMatcher (GM) data-sharing platforrn” and data min-
ing of aggregated DNA sequences from individuals with
ultra-rare disorders across multiple research and diagnostic
laboratories worldwide. Individuals with pathogenic
PPP2R5C variants and complete clinical and phenotypic
data were included. All 26 recently identified affected indi-
viduals were assessed by consultants in clinical genetics.
Clinical and imaging data of affected individuals were
collected using an extensive spreadsheet (Table S1).

Computational facial analysis

We applied the GestaltMatcher approach®**! to analyze
facial similarities among ten subjects (P1, PS5, P6, P7, P8,
P21, P22, P23, P25, and P30; Figure 1, subject numbers in
italics in Table 1) who consented to facial analysis within
the PPP2R5C cohort; for details, see supplemental
methods. These subjects were compared to a total of
1,555 images from various subjects with 328 different syn-
dromes, which were selected from the GestaltMatcher
Database (GMDB).>> Two control distributions were then
sampled: (1) distances between subjects sharing the same
syndrome and (2) distances between random individuals
with other disorders. Finally, the mean pairwise distance
between individuals in the given cohort C was compared
to these two distributions (Figure S1). In the end, we per-
formed the pairwise comparison analysis on 11 images
from individuals with PPP2R5C variants. To simulate the
real-world scenario, we first compared 11 images from indi-
viduals with PPP2R5C variants to 7,459 images with 449
different disorders from GMDB. We performed leave-one-
out cross-validation by putting the remaining images
from ten individuals with PPP2R5C variants into the space
with 7,459 images and calculating the ranks of ten
PPP2RSC to the testing PPP2RSC individuals (Figure S2).

Generative adversarial network to synthesize

participant portraits

To visualize the facial features associated with PPP2R5SC we
employed GestaltGAN,>* a generative adversarial network
(GAN) trained on 20 disorders that induce facial dysmor-
phism. During the training, our GAN learns to replicate
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P1: Glul22Lys P5: Glu122Lys P7: His133Arg P22: Lys244Glu

R

~

P21: Pro120Arg
S

P8: Glul22Lys

P6: Glu122Lys P30: Glul74Lys P25: Argl77Trp P23: Glu344Lys

Figure 1. Facial photographs of ten individuals with de novo PPP2R5C missense variants

Numbers of individuals and variants are as indicated in Table 1. Framed pictures are from the same individual, and in three individuals
from different time points. P6: (I) and (J) are from age 20 months, (K) from age 7 years; P30: (L) is from age 7 years, (M) and (N) from age
14 years; P25: (O) is from age 8 years, and (P) and (Q) from age 14 years.
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Table 1. PPP2R5C variants and associated phenotypic features
Amino acid
cDNA variant change Sex Age Neonatal Congenital Facial
(NM_001352913.2) (NP_848702.1) dn Individual # (M/F) (y/mo) NDD Epil H (Z) OFC (Z) concerns Hypotonia malformation dysmorphism ASD Eye vision Brain MRI
1 ¢310T>C p-Cys49Arg Y P36 F 16 + + N +2.6 - no - - no nystagmus N
2 ¢.326_331del p-Asp54_ Y P9 M 2/8 + ++ N +2.2 - no - no no N N
Phe55del
3 ¢.330T>A p-Phe55Leu Y P32 M 7 ++ 4+ +2 +54 - yes - no yes N large cisterna
magna
4 ¢.524C>G p-.Pro120Arg Y P21 M 29 (+) no N +5.2 - mild - tall forehead, no N N
hypertelorism
5 ¢529G>A p-Glul22Lys Y PI M 2/2 +++ ++ N - yes - epicanthus no N N
6 ¢.529G>A p-Glul22Lys Y P6 M 1/8 +++ no N +3.6 jaundice yes - tall forehead, no hyperintense
hypertelorism white matter foci
7 ¢c.529G>A p-Glul22Lys Y P8 M 11 +++ ++ 2.7 +48 - yes - tall forehead yes N hyperintense
white matter foci
8 ¢.529G>A p-Glul22Lys Y PS5 F 10 +++ ++ N +3.2 - yes - tall forehead, yes N N
hypertelorism
9 ¢.535G>A p.Glul24Lys Y P35 F 5 + no N +4 - mild - - no N -
10 c.540_542del p-Thri26del Y P2 M 9 ++  + +3.3 poor feeding - - telecanthus, - -
high palate
11 ¢.552_554del p-Ala130del Y P18 M 3 +H+ -2 2.2 poor feeding yes - - no strabismus mildly enlarged
ventricles
12 ¢.552_554del p-Ala130del Y P19 F 17 +++ +++ N +6 poor feeding yes - no no strabismus N
13 ¢c.556T>C p-Trp131Arg Y P11 M 14 +++ +++ N +4.4 lethargy no - no yes N abnormal
sulcation
14 ¢.556T>C p-Trp131Arg 7 P29 M 9 ++ +++ N +3 jaundice no - no no -
15 ¢c.563A>G p-His133Arg Y P12 M 4/2 +(+) no N +2.6 - mild - tall forehead no N slight CC
hypoplasia
16 c.563A>G p-His133Arg Y P7 M 10 +++ ++ N N poor feeding, mild - tall forehead yes CVI hyperintense
jaundice white matter foci
17 ¢.563A>C p-His133Pro Y P26 F 16 +++ +++ N N poor feeding yes pyloric stenosis tall forehead, - CVI mildly enlarged
high palate ventricles
18 c.563A>C p-His133Pro Y P16 F 10 + +++ N N poor feeding mild - tall forehead, no N hippocampal
high palate sclerosis
19 ¢c.563A>T p-His133Leu Y P28 F 6 + no +2 poor feeding mild - no no N N
20 ¢.566T>C p-Leul34Pro Y P10 M 2/4 + no +2.4 - mild coloboma no no coloboma large CC

(Continued on next page)
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Figure 2. The representative face of ten PPP2R5C subjects
generated by GAN inversion

point mutations (IDT, Table S2). All variants were
confirmed by sequencing (LGC Genomics). Numbering
of the variants is therefore according to B56y isoform 1
(the full sequence of which is provided in Figure S3).

Cellular PP2A binding assays

HEK293T cells (ATCC, characterized by short tandem
repeat profiling and mycoplasma-free) were transfected
with PEI or PEIMAX transfection reagent using standard
protocols. Forty-eight to 72 h post transfection, cells were
rinsed with PBS, lysed in 150 uL of NET buffer (50 mM
Tris-HCI [pH 7.4], 150 mM NaCl, 15 mM EDTA, and 1%
Nonidet P-40) containing protease and phosphatase inhib-
itor cocktail (Roche Applied Science) and centrifuged for
15 min at 13,000 x g. If the experiment required measure-
ment of phosphatase activity, Tris-buffered saline (TBS)
was used instead of PBS, and phosphatase inhibitors were
omitted from the lysis buffer.

For GFP pull-down experiments, lysates were incubated
at 4°C for 1 h with 700 pL of NENT100 buffer (20 mM
Tris-HCI [pH 7.4], 1 mM EDTA, 0.1% Nonidet P-40, 25%
glycerol, and 100 mM NaCl) containing 1 mg/mL bovine
serum albumin and 30 pL of GFP-trap-A beads
(ChromoTek). Beads were washed three times with 1 mL
of NENT300 (containing 300 mM NaCl), and two times
with 1 mL of NENT150 (containing 150 mM NacCl).
Bound proteins were eluted in 2x NuPage sample buffer
(Invitrogen) and boiled for subsequent analysis by SDS-
PAGE on 4%-12% (w/v) bis-Tris gels (Thermo Fisher Sci-
entific) and western blotting. Membranes were blocked
in 5% milk in TBS/0.1% Tween 20 for 1 h at room temper-
ature and incubated with the primary antibody overnight
at 4°C. Primary antibodies were mouse anti-GFP (B-2)
(s¢c-9996), mouse anti-PP2A-A subunit (clone C5.3D10,
generously supplied by Dr. S. Dilworth, Middlesex Univer-
sity, London, UK), mouse anti-PP2A-C subunit (clone
F2.6A10, generously supplied by Dr. S. Dilworth, Middle-

sex University, London, UK), and rabbit anti-liprin-a1
(ProteinTech). After washing in TBS/0.1% Tween 20,
membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies (Dako for anti-mouse
and Cell Signaling for anti-rabbit) and developed using
Western Bright ECL (Advansta) on the ImageQuant
LAS4000 scanner (GE Healthcare). All densitometric
quantifications were carried out using Image Studio Lite
software v.5.2.

PP2A activity assays

After GFP pull-down, beads were washed once more with
20 mM Tris-HCI (pH 8.0) and 1 mM DTT (Tris-DTT) and
finally resuspended in 60 pL of Tris-DTT solution, of which
35 pL was diluted in 250 pL of Tris-DTT buffer. All assays
were performed with 30 pL of this phosphatase suspension
and 10 pL of 2 mM stock of different phosphopeptides for
10-20 min at 30°C (still in the linear range of the assay)
(Table S3). The released free phosphate was determined
by addition of BIOMOL Green (catalog no. BMLAK111-
0250, Enzo). After 30 min of incubation at room tempera-
ture, absorbance at 620 nm was measured in a multi-chan-
nel spectrophotometer (Thermo Scientific). We obtained
(mutant or WT) BS6vy-associated phosphatase activity by
correcting the measured absorbances to the input of GFP-
tagged BS56y, as determined by immunoblotting with
anti-GFP antibodies and quantification by Image Studio
Lite software v.5.2. C-subunit-associated activity was calcu-
lated similarly by correcting the obtained absorbance
values to the quantified coprecipitating C-subunit signals
(immunoblotting with anti-C antibodies).

Statistics

Statistical analysis of biochemical data was conducted by a
one-sample Student’s t test with false discovery rate (FDR)
correction for multiple testing, in which the data were
compared with WT values that were set at 100% in each
experimental (biological) replicate. p values of less than
0.05 were considered significant (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001).

Results

Mutational spectrum of PPP2R5C-affected individuals

We describe 19 PPP2RSC alterations in 26 individuals,
and include functional characterization of the single
previously reported PPP2RSC (NP_848702.1) variant
p-Thr126del (Table 1 and Figure 3A). All variants below refer
to NP_848702.1, corresponding to PPP2RSC isoform 1 and
the NM_178587.2 transcript (see variant notation in the
subjects, material, and methods section for an explanation).
One recently added variant, p.Argl77Leu, has not been
functionally characterized but is likely pathogenic, since
another variant of the same position, p.Argl77Trp, clearly
affects PPP2R5C function. The individual with this bio-
chemically untested variant has not been included in the
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Figure 3. Missense variant hotspots in PPP2R5C

(A) Lollipop diagram showing the location of pathogenic (in red) and potentially pathogenic (loss-of-function) variants (in black) within
B56y1.

(B) Structural representation of the PPP2RSC variants reported in this study. Ribbon diagram of PP2A B56+v1 (in gray) and C subunit (in
sepia) based on the published crystal structure of the PP2A B56y1 holoenzyme by Cho and Xu (PDB: 2IAE)*>* were visualized in Molsoft
MolBrowser v.3.9-2d software (ICM-Browser-Pro). Both B56v1 and C lie on top of the horseshoe-shaped A subunit that was omitted from
the structural representation to increase overall clarity. B56v1 consists of 8 pseudo-HEAT repeats, with each pseudo-HEAT repeat
harboring two anti-parallel o helices connected with an intra-repeat loop (IL). The large majority of pathogenic PPP2R5C variants affect
amino acids residing in IL1, IL2 (acidic loop), IL3, IL7, and IL8 that are all facing the C subunit, and with the acidic loop (IL2) making
direct contacts with the C subunit catalytic site. These intra-repeat loops are all highly conserved between B56y and B563 but are consid-
erably differently affected in PPP2R5C- versus PPP2R5D-affected individuals (altered amino acids are highlighted in red; amino acids
constituting the IL loops are underlined).
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phenotypic result statistics (see below). All individuals with
known parental variant status (24/27) had de novo variants,
resulting in missense variants (23 individuals) and in-frame
deletions of 1-2 amino acids (four individuals) (Tables 1 and
S4). One nonsense variant and one deletion of the whole
gene were inherited, and one nonsense variant, one
consensus splice site variant, and one frameshifting single-
nucleotide deletion were de novo (Table S5). These loss-of-
function variant individuals (biochemically confirmed for
p-Arg70* and p.Tyr2091lefs*13, Table S4) were not included
among the 26 previously unreported individuals due to un-
certain clinical relevance of the variants. Five de novo vari-
ants were recurrent: p.Glul22Lys (four individuals),
p-Alal30del (two individuals), p.Trp131Arg (two individ-
uals), p.His133Arg (two individuals), and p.His133Pro
(two individuals). All described missense variants are
absent from large population databases (gnomAD v.4.1)
and affect highly conserved residues of BS6y (Figure 3
and Table S4). Alignment with PPP2R5D identified
that eight PPP2R5C variants—p.Glul22Lys, p.Glul24Lys,
p-Trp131Arg, p.Glul74Lys, p.Aspl75Val, p.Argl77Trp,
p-Argl77Leu, and p.Glu344Lys—occurred at orthologous
positions, in six of eight instances having identical missense
variation to known pathogenic PPP2RSD variants."*'*!%

The large majority of affected amino acids in BS56y
reside in or near one of the intra-repeat loops (IL) of the
eight described pseudo-HEAT repeats determined through
crystallographic studies.>**> These loops all face the cata-
lytic subunit (Figure 3B), with Glul22 in IL2 (the acidic
loop) directly interacting with the catalytic subunit®*
and the corresponding residue in PP2A-B56f required
for substrate dephosphorylation.”” Eight affected
PPP2R5C residues (Prol120, Glul22, Glul24, Thrl26,
Alal30, Trp131, His133, and Leul34) all localize to this
acidic loop, which is also recurrently affected in HJS
type 1 (PPP2R5D) (Figure 3B), albeit in a slightly different
way. While the top residue in IL2 (Glul98 in B569;
Glul22 in B56y) is by far the most frequently altered in
B56d, His133 was assessed to be the most affected residue
in B56y (Figures 3A and S4). Moreover, some B56y vari-
ants (Pro120, Thr126, Ala130, His133, and Leul34) have
no reported pathogenic B5638 variants at orthologous
positions in ClinVar or the literature, while, conversely,
some pathogenic B56d variants had no B56vy variants
in orthologous positions (Glul97, Pro201, and GIn211,
Figure S4A). Likewise, in the cohort of individuals with
PPP2R5C variants reported in this study, the variants iden-
tified in IL1 (Cys49, Asp54, and Phe55) and IL8 (His381)
have not been reported previously in individuals with
PPP2R5D-related disorder (Figure S4B). The individual
with the p.His381Arg variant has not been included in
this cohort, due to lack of clinical information. Identical
amino acids in B56y and B568 appear to be altered in
IL3 (Glul74, Aspl75, and Argl77) and IL7 (Glu344)
(Figure S4C).

Two substituted amino acids do not reside in any of the
B56 loops facing the C subunit: Lys244 is posed at the

other side of the B56y molecule, still within the SLiM-
binding domain, a region shared by all B56 isoforms that
serves to bind short LxxIXE motifs in BS6-specific interac-
tors or substrates®®; and Leu305 is present within one of
the a helices of pseudo-HEAT repeat 6 (Figure 3). Notably,
none of the individuals with any of these two variants
had phenotypes consistent with the HJS spectrum: the in-
dividual with p.Lys244Glu had transient hypotonia in
infancy, short stature, and microcephaly; the individual
with the p.Leu305Phe variant (unknown if de novo) had
learning difficulties and no dysmorphic signs consistent
with HJS.

PPP2R5C variants show functional defects in A-subunit,
C-subunit, and/or substrate binding

To examine whether PP2A-B56y holoenzyme formation
and/or substrate binding were affected by the variants,
WT B56vy and different BS6y variants were overexpressed
as N-terminally GFP-tagged fusion proteins in human em-
bryonic kidney (HEK293T) cells. First, their ability to
interact with endogenous PP2A A and C subunits was
assessed (Figure 4A). All observed binding effects were
fully concordant for both A and C subunits, except for
p.Pro120Arg and p.Lys244Glu with a C- but no
A-binding defect (Figures 4B and 4C; Table S4). Relative
to WT, A/C-binding defects were observed for 18 out of
20 missense/in-frame-deletion variants tested (Figures 4B
and 4C; Table S4).

The potential changes in binding to liprin-a1, a reported
B56y interaction partner harboring a functional B56
LxxIxE-binding motif (SLiM), were also assessed
(Figure 4A).>”*® Liprin-a1 bound strongly to WT B56y in
our assays, and liprin-a1l-binding defects were observed
for 17 out of 20 of the B56y variants tested (Figure 4D
and Table S4).

In summary, 15 B56y variants showed both a liprin-a.1-
and A/C-binding defect: p.Cys49Arg, p.Asp54_PheS5del,
p-PheSSLeu, p.Glul22Lys, p.Thrl26del, p.Alal30del,
p-Trp131Arg, p.His133Arg, p.His133Pro, p.His133Leu,
p.Leul34Pro, p.Glul74Lys, p.Aspl75Val, p.Argl77Trp,
and p.Leu305Phe (Figures 4A-4D and Table S4). Two
variants, p.Glul24Lys and p.Glu344Lys, showed only
a liprin-a1-binding defect; one variant, p.His381Arg,
showed only an A/C-binding defect. Two variants,
p-Pro120Arg and p.Lys244Glu, had unaffected liprin-al
and A binding, but showed a C-binding defect
(Figures 4A-4D and Table S4).

Some PPP2R5C variants are associated with reduced
PP2A-B56yv-bound phosphatase activity

The intrinsic catalytic activity of the GFP-tagged PPP2R5C
variants was determined on four different phospho-pep-
tides, derived from three established PP2A-B56y substrates
(AKT phospho-Thr308, ERK phospho-Thr185, and p70
S6K phospho-Thr589) and one random, non-specific phos-
pho-site (commercial peptide) using malachite green
(Table S3). Results of activity assays were overall quite
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Figure 4. Functional characterization of PPP2R5C variants

(A) Representative immunoblots assessing binding of liprin-a.1, PP2A A subunit, and PP2A C subunit to B56y or its variants. GFP-tagged
WT or variant B56y subunits were purified from transfected HEK293T cells by GFP pull-down, and coprecipitation of endogenous
PP2A-A, PP2A-C, and liprin-a1 was determined by immunoblotting (Neg. Ctr., GFP-only transfected condition).

(B-D) Quantification of binding abilities of GFP-tagged B56v variants to the PP2A A subunit (B), C subunit (C), and the SLiM-containing
PP2A substrate liprin-a1 (D). Immunoblot results were quantified and, for each individual variant, calculated relative to the immunoblot
signals obtained for WT GFP-B56y (present on the same blot and set at 100% in each independent experiment). Results represent the
average values of at least four independent biological replicates (n > 4) = SD. A one-sample t test with FDR correction for multiple
testing (compared to 100%, i.e., WT value, dotted line) was used to determine statistical significance of the observed binding differences
between each individual variant and WT (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). The colors in these graphs correspond to
the colors used to indicate the different loops and protein domains of BS6y in Figure 3.
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Figure 5. Phosphatase activity of PPP2R5C variants

Comparison of GFP-bound activities of PPP2R5C variants measured on a non-specific, commercial phospho-peptide (A) or on the indi-
cated phospho-sites of established PP2A-B56y substrates: AKT (B), ERK (C), and p70S6K (D) (phospho-peptide sequences: Table S3). PP2A
activity was calculated relative to the GFP input of each variant (quantified by immunoblotting). The graphs represent the average PP2A
activity + SD for the PPP2R5C variants in comparison to activity of WT B56y (set at 100% in each independent experiment, dotted line).
Malachite green was used to quantify the released free phosphate. Results represent the average values of at least three independent bio-
logical replicates (n > 3) = SD. A one-sample t test with FDR correction for multiple testing (compared to 100%, i.e., WT value) was used
to determine statistical significance of the observed differences between each variant and the WT value of 100% (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). The colors in these graphs correspond to the colors used to indicate the different loops and protein do-

mains of B56y in Figure 3.

consistent between these four phospho-peptide substrates
(Figure 5 and Table S6). BS6y-specific activity was
significantly decreased toward a canonical (commercial)
phosphopeptide upon introduction of the p.Arg70%,
p-Pro120Arg, p.Trp131Arg, p.His133Pro, p.Leul34Pro,
p.Aspl75Val,  p.Argl77Trp, p.Tyr2091lefs*13, and
p-Leu305Phe variants (Figure 5A). Furthermore, phospha-
tase activity toward the AKT-P-Thr308 phosphopeptide
was significantly decreased for the p.Phe55Leu, p.Arg70*,
p-Trp131Arg, p.His133Pro, p.Leul34Pro, p.Aspl75Val,
p.Tyr2091lefs*13, and p.Leu305Phe variants (Figure 5B).
The p.PheSSLeu, p.Arg70*  p.Tyr209Ilefs13*, and
p-Leu305Phe variants also showed decreased activity to-
ward the ERK-P-Thr185 peptide (Figure 5C). Activity
toward the P70S6K-P-Thr389 phosphopeptide was
decreased for p.PheSS5Leu, p.Arg70* p.Tyr209Ilefs*13,
and p.Lys244Glu (Figure 5D). While these differences in
B56v-normalized phosphatase activity likely largely reflect

the differences in C-subunit binding to these variants
(Figure 4C), we also normalized the assay data to the co-
precipitating C subunit (which was quantified in all assay
samples by anti-C immunoblotting). This logically results
in increased specific activity of the associated C subunit
on select phospho-peptides for a number of variants
that show highly impaired C binding but a relatively
smaller effect on GFP-bound activity (Figures SSA-SS5D).
An overview of all phosphatase assay data is given in
Table S6. Of note, none of the BS6y proteins (neither
WT nor variant) showed any phosphatase activity when
a BS5S5-specific phospho-peptide harboring a phospho-
Ser-Pro site was used (Rb P-Thr252),” in accordance with
published data.®” Taken together, these data highlight
that the PPP2R5C variants possibly affect major signaling
pathways important for normal brain development and
physiology by altering the phosphorylation state of the
involved signaling kinases.
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Clinical spectrum of PPP2R5C-affected individuals

We compiled a cohort of 26 PPP2R5C-affected individuals
with complete clinical data, 11 females and 15 males
who span an age range from 14 months to 29 years, and
we have also included the previously reported single indi-
vidual with the p.Thr126del in our overview (Table 1). The
average age of the last examination by the clinician was 9
years. The PPP2R5C-related syndrome is a neurodevelop-
mental disorder characterized by stable developmental
delay and intellectual disability of variable degrees
(Figure 6A) and very frequent neonatal presentations
(>3/4 of affected individuals) (Figures 6B and 6C). Among
the most common reported features are generalized and
sometimes persistent hypotonia (21/26), seizures (15/26),
behavioral problems (13/24), and abnormal coordination
(11/22) (Figures 6C-6E). The mean age of onset for seizures
was 4.2 years; half of the individuals reported as seizure-
free were younger, yet two were 14 and 29 years old,
having p.Glul74Lys and p.Pro120Arg variants, respec-
tively. The type of seizure is highly variable and includes
recurrent status epilepticus (both with p.Alal130del, one
with p.His133Pro, one with p.Trp131Arg, and one with
p-Phe55Leu) and a combination of different seizure types,
and sometimes the epilepsy is refractory to treatment
(Figure 6E).

The majority (18/26) of affected individuals had large
head circumference (>+2 standard deviations [SDs]) or
macrocephaly, a term we only used on individuals with
head circumferences >+2.5 SDs, since parental head cir-
cumferences were not available. Almost half (12/26) had
a head circumference above +3 SDs (Table 1 and
Figure 6B). There was a trend suggesting a positive correla-
tion between macrocephaly and age for some of the recur-
rent variants (Figure 7) that needs confirmation in future
studies, preferably by serial observations in the same
individual.

Minor and sometimes unspecific brain MRI abnormal-
ities of different types were reported in 9/22 individuals
(Table 1). A range of behavioral problems was observed,
including: difficulties in the regulation of emotions, fasci-
nation with light patterns, self-stimulation or self-harm,
and repetitive behaviors such as chewing and teeth
grinding for p.Asp54_PheS55del and p.Glul122Lys; restless-
ness and impulsiveness, need for routine and structure,
aversion to loud noises, and sensory or attention deficit
disorder for p.Cys49Arg, p.Argl77Trp, and p.Leu305Phe;
and insomnia/sleep difficulties for p.Argl77Trp and
p-Leu305Phe (Table S1 and Figure 6D).

The morbidity spectrum of the condition includes prob-
lems affecting the gastrointestinal (GI) system (8/25), sen-
sory organs (10/23), and endocrine system (3/18). GI
problems included frequent diarrhea for p.Glul22Lys,
bloating intermittently and occasional constipation for
p-Glul22Lys, bowel incontinence for p.Asp54_Phe55del,
chronic and sometimes explosive diarrhea for p.Ala130del,
and constipation for p.Argl77Trp and p.His133Pro. Sen-
sory organ problems consisted of cerebral visual impair-

ment for p.His133Arg and p.His133Pro, coloboma of the
right eye for p.Leul34Pro, severe myopia and strabismus
for p.Alal30del, and nystagmus for p.Cys49Arg and
p-Glu344Lys. Endocrine problems were central precocious
puberty for p.Glul22Lys and p.Alal30del, hypercalciuric
hypercalcemia for p.Alal30del, hypercalciuria and
nephrolithiasis for p.Argl77Trp, and type 2 diabetes for
p-Alal30del. Some of the latter infrequent features are
probably randomly associated with this subtype of HJS,
but this remains to be seen.

Gestalt analysis

Affected individuals present a clinically overlapping gestalt
characterized by dysmorphic features related to the macro-
cephaly (high and prominent forehead) but also arched
eyebrows, hypertelorism, down-slanting palpebral fissures,
low-set, retro-rotated external ears, low nasal bridge, and
flared nostrils in the younger individuals and tendency
to drooping cheeks in the older ones, as well as an almost
constant round chin (Figure 1).

To create a standard visualization of the PPP2R5C-related
craniofacial features, we employed GestaltGAN,”® a GAN
trained on 20 disorders that cause facial dysmorphism.
During the training, the machine-learning model learns
to replicate features characteristic to the disorder. To obtain
the latent average for PPP2R5C-affected individuals, we
perform GAN inversion to locate the affected individuals
within the latent space. This process yields latent vectors
containing the characteristic features specific to this disor-
der. By averaging these features and generating an image
out of them, we create a portrait showcasing the character-
istic features of the disorder (Figure 2). We also conducted
facial dysmorphology analysis using GestaltMatcher to
assess whether ten individuals with variants in PPP2R5C
exhibited a similar facial phenotype. Initially, we exam-
ined the similarity at the cohort level. It was observed
that 72% of the combinations of individuals with variants
in PPP2R5C had a mean pairwise distance below the
threshold (¢ = 0.915), indicating a significant similarity
of facial phenotypes (Figure S1). Additionally, the pairwise
comparison matrix revealed that six out of ten individuals
had at least one match with a rank below 50, compared to
7,459 images encompassing 449 different disorders
(Figure S2). Notably, only P21 and P22 did not exhibit sig-
nificant similarity to the rest of the individuals with vari-
ants in PPP2R5C, the two individuals having variants
with only a mild C-binding defect (Figure 4C). Conversely,
P1, PS5, and P6, sharing the same disease-causing variant,
displayed remarkably high similarity. Hence, both results
suggested that PPP2R5C-affected individuals share a
similar facial gestalt.

Discussion

Dysfunction of PP2A or PPP2, a trimeric protein complex
consisting of B (substrate binding), A (scaffolding), and C
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Figure 6. The clinical spectrum in the individuals with pathogenic PPP2R5C variants

About half of these individuals have mild intellectual disability/developmental delay; in the other half, the delay is moderate to severe
(A). Growth parameters are within the normal range, except for an increased occipito-frontal head circumference (OFC) (B). Three-quar-
ters of these individuals had neonatal concerns, such as feeding problems and hypotonia (C), and about half of them show behavior

problems (D) or epilepsy (E).

(catalytic) subunits, has been correlated with neurodeve-
lopmental delay after identifying pathogenic variants in
PPP2R5D, encoding B563, PPP2R1A, encoding Aa, and
PPP2CA, encoding Ca. Here, we summarize 27 individuals
with de novo missense variants (23) or 1-2 amino acid dele-
tions (4) in PPP2R5C, encoding another B-type subunit,

B56y, including the previously published individual with
a de novo Thr126del variant (Table 1).” Five of these de
novo variants were recurrent (Glul22Lys reported in four
individuals, Alal30del reported in two individuals,
Trp131Arg reported in two individuals, His133Arg re-
ported in two individuals, and His133Pro reported in two
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Figure 7.

Head circumferences (OFCs) in the individuals with pathogenic PPP2R5C variants

Only one individual had microcephaly, while all the other head circumferences were from 0 to +6 SDs, and 14/26 OFCs were clearly in
the macrocephalic range (>+2.5 SDs). For 3/5 variants with OFC observations at different ages (Glu122Lys, Ala130del, and Trp131Arg),
there is a positive correlation with the age of the individuals, indicated by the three colored lines, one for each variant. The colors in this
graph correspond to the colors used to indicate the different loops and protein domains of B56v in Figure 3.

individuals), consistent with a beneficial effect on cell
growth or survival at the time point of their occurrence.
Of note, GeneDx recently published that they have found
the Glul22Lys variant in five individuals, where at least
two had phenotypes matching this cohort, and one of
the variants was verified as de novo.*”

In the three previously described genetic subtypes of
syndromic PP2A dysfunction, there is a variable but over-
lapping range of phenotypic features, the most common
being neurodevelopmental delay (from mild to severe in-
tellectual disability), hypotonia, high risk of seizures, and
dysmorphic features such as macrocephaly and frontal
bossing in many. Recently, this has led to this clinical con-
dition being named “Houge-Janssens syndrome” (HJS),
and HJS is divided into type 1 caused by pathogenic
PPP2R5D variants, type 2 caused by pathogenic PPP2R1A
variants, and type 3 caused by pathogenic PPP2CA vari-
ants. In line with this, we suggest calling this novel sub-
type of HJS type 4, i.e., HJS4.

The phenotypic features of HJS4 are well within the
range expected from the three other HJS subtypes (Table 1;
Figures 6 and 7), but this additional subtype is more similar
to HJS1 (PPP2R5D) than the two others. The main reason is
a head circumference above average and in many individ-
uals into the macrocephalic range (Figure 7), as well as dys-
morphic features such as elongated face and frontal boss-

ing (Figures 1 and 2). In HJS types 2 and 3, some
individuals can even be microcephalic, but this is not
a feature of HJS type 1 and the presented HJS subtype.
One exception appears to be the individual with the
Lys244Glu variant (P22) with a head circumference of
—2.8 SDs and with a variant causing only mildly dimin-
ished C binding (Figure 4). Of note, the degree of intellec-
tual disability appears, on average, to be milder in the pre-
sented subtype of HJS than in HJS type 1 due to a higher
number of individuals with mild intellectual disability.
All included PPP2R5C variants except one (Argl77Leu)
have been biochemically characterized with measure-
ments of A/C binding and substrate binding, the latter to
liprin-a1, or by measuring phosphatase activity toward
small synthetic phospho-peptides containing known
PP2A-B56y dephosphorylation sites. Most variants (15)
caused both liprin-«1- and A/C-binding defects, but two
(Pro120Arg and Lys244Glu) had only a C-binding defect,
and two (Glul24Lys and Glu344Lys) had only a liprin-
a1-binding defect. There was no clear correlation between
the nature or degree of these binding defects and clinical
severity, but notably both variants with a C-binding defect
only were associated with learning difficulties (Table 1).
Mutant B56y subunits with normal A/C binding but
reduced substrate binding (such as Glul24Lys and
Glu344Lys) could in theory cause a general reduction in
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phosphatase activity by quenching A/C in inactive
trimeric PP2A complexes (presuming that substrate bind-
ing is needed to activate the PP2A trimers), while mutant
B56vy subunits with normal substrate but reduced C bind-
ing (like Pro120Arg and Lys244Glu) would exert a domi-
nant-negative effect mainly on the substrate level and
not on the general PP2A activity level. Interestingly, almost
complete loss of A/C and liprin-a1 binding was seen in the
10-year-old boy with the Leu305Phe variant and a pheno-
type that appears to be in the learning difficulties but not
intellectual disability range. It is not known whether the
Leu305Phe variant is de novo or related to the individual’s
learning difficulties, but this individual is still included in
Table 1. Mutant B56vy subunits that bind neither A/C nor
substrates are deprived of exerting a dominant-negative ef-
fect on the substrate level (such as Glu344Lys), on the
PP2A level (such as Pro120Arg and Lys244Glu), or on
both levels (such as Leu305Phe). In addition, such free B
subunits might be overall less stable.®’

An area for further investigation would be to find the
physiological substrates that have lost dephosphorylation
dynamics due to retained BS6y binding but compromised
A/C binding, i.e., a dominant-negative effect on the sub-
strate level. The dominant-negative effect on the PP2A
level due to inactive trimeric complexes is probably similar
to C haploinsufficiency, another cause of mild intellectual
disability.?

It should be properly understood that even though
these B56vy variants are loss-of-function in a biochemical
sense (lacking A/C binding and/or substrate binding),
they are not loss-of-function in a genetic sense, since the
main causative disease mechanism is likely to be domi-
nant negative, i.e., a change of function. Although
PPP2R5C has a gnomAD pLI of 1.00, there are too many
predicted losses of function in the population to expect
haploinsufficiency as a disease mechanism, at least
for neurodevelopmental delay.”” The gnomAD v.4.1
observed/expected loss-of-function ratio is 0.1, with 153
loss-of-function alleles of high technical quality. More
importantly, the allele frequency of a 160-kb deletion
removing almost the whole gene is 5% in NCBI dbVar
(nssv16200169; 254/5,008 alleles), and the existence of
this deletion polymorphism makes it highly unlikely
that loss of one PPP2R5C allele has a negative phenotypic
consequence. This also supports the hypothesis that the
main pathogenic effect is on the substrate level through
interference with phosphorylation-dephosphorylation dy-
namics, but with inactive trimeric PP2A complexes play-
ing a contributory role.

Of additional note, two de novo pathogenic PPP2R5C
variants identified in the current study (Cys49Arg and
Glul74Lys) have previously been identified as somatic
pathogenic mutants in persons with glandular tumor.®*®*
In line with our current findings, these variants exhibited
major binding defects to the A/C core dimer, and, unlike
WT B56y, failed to suppress proliferation or anchorage-in-
dependent growth of HCT116 colon cancer cells, consis-

tent with a loss of their tumor-suppressive function. Like
B563, BS6y is indeed considered one of the major tumor-
suppressive PP2A B-type subunits. 7%

In conclusion, we characterized 26 individuals with a
neurodevelopmental delay that is most similar to HJS
type 1 and that is caused by missense variants in PPP2R5C
encoding B56y. These amino acid changes affect PP2A ho-
loenzyme formation and activity by reduced A/C binding
and/or substrate binding, leading to reduced substrate
dephosphorylation. The pathogenic effect is dominant
negative, and individuals with nonsense, frameshifting,
or whole-gene deletion variants do not appear to have
abnormal phenotypes.
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