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Abstract

Background the protein phosphatase 3 catalytic subunit alpha (PPP3CA) gene encodes for the alpha isoform of the
calcineurin catalytic subunit, which controls the phosphorylation status of many targets. Currently, 23 pathogenic
variants of PPP3CA are known, with clinical manifestations varying by mutation type and domain.

Results through whole exome sequencing, we found two de novo variants in PPP3CA: a frameshift variant predicted
leading to a truncated protein in Pt.1 and a splicing variant in Pt.2 associated with mild phenotype. PPP3CA is
ubiquitously expressed with tissue-specificity of; namely, splicing isoform 1 prevailing over isoform 2 in the central
nervous system. By analyzing isoform distribution in patient-derived cell lines, we highlight a skewed expression of
both isoforms in Pt.1, whereas only isoform 2 shows a moderate reduction in Pt.2. In contrast, we did not observe
significant abundance changes at the protein level. Cell lines derived from Pt.1 showed a reduced proliferation,
associated with an increase in cell death and the upregulation of the unfolded protein response (UPR) pathway.

Conclusion data suggest that an aberrant PPP3CA protein in Pt.1 could lead to UPR activation resulting in increased
cell death. In Pt.2 an imbalance between the two main isoforms possibly explains the peculiar pathological
manifestations, such as a moderate developmental delay.
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Introduction

The protein phosphatase 3 catalytic subunit alpha iso-
form (PPP3CA) is a gene located on chromosome 4q24
that encodes for the 61-kD alpha isoenzyme of the Cal-
cineurin A (CnA). CnA forms a heterodimer with a
regulatory subunit, Calcineurin B (CnB), to produce
calcineurin (CaN), a Ca**/calmodulin-regulated protein
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PPP3CA has several domains, from the N-terminus:
a catalytic domain (CD), a calcineurin B binding site
(CnBB), a regulatory domain (RD) including a calmodu-
lin binding site (CaMB), an autoinhibitory segment (AIS)
and an autoinhibitory domain (AID) (Fig. 1A) (www.uni-
prot.org) [6].

Five different isoforms have been described for
PPP3CA: Q08209-1 521 aa (isoform 1), that has been
chosen as the canonical one; Q08209-2, 511 aa (isoform
2); Q08209-3, 469 aa (isoform 3); Q08209-4, 289 aa (iso-
form 4); Q08209-5, 454 aa (isoform 5) (www.uniprot.
org) [7]. The most abundant are isoform 1 and isoform
2, which differ for the enclosure of 30-nucleotide-long
exon 13 in isoform 1. Their expression is tissue-specific:
isoform 1 is highly expressed in the nervous system and
its relative abundance seemed to rise during brain devel-
opment [8].

PPP3CA de novo heterozygous variants have been
related to three different disorders depending on the
mutation type and which domain it falls into. All share
a severe clinical outcome and epileptic seizures as a hall-
mark, which can be attributed to CaN involvement in
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the regulation of synaptic transmission [6, 8]. Variants
affecting CD and with a loss-of-function mechanism
lead to developmental and epileptic encephalopathy-91
(DEE91, OMIM #617711). DEE91 is a condition char-
acterized by delayed psychomotor development, severe
impaired intellectual development with poor or absent
speech, onset of refractory multifocal seizures, absence
of independent walking, hypotonia and cortical visual
impairment [9]. Missense variants falling into AID are
associated to arthrogryposis, cleft palate, craniosynos-
tosis, and impaired intellectual development (ACCIID,
OMIM #618265), with a gain-of-function mechanism,
also associated with seizures and bone abnormalities [6,
8]. Truncating variants in RD lead to a clinical spectrum,
which includes developmental delay, intellectual disabil-
ity, abnormal electroencephalogram, and epilepsy; the
underlying pathogenetic mechanism still need to be elu-
cidated though [6].

To date 24 PPP3CA pathogenic variants in 29 patients
have been described: 7 variants in CD coding region, 17
variants in RD coding region, with a mutational hot spot
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Fig. 1 Schematic representation of PPP3CA pathogenetic variants and characterization of the two under investigation. (A) Variants described so far in
PPP3CA with the protein domains represented below (CD = catalytic domain, CnBB = calcineurin B binding site, RD =regulatory domain, CaMB = calmodu-
lin binding site, AIS=autoinhibitory segment, AID=autoinhibitory domain). In plum-colored and pink are the variants of Pt.1 and Pt.2, respectively. Exon
13/is squared in red, which is present in isoform 1 (canonical) and absent in isoform 2. (B) Electropherogram confirmation by Sanger sequencing on DNA
of the variants found in the two patients; the variant is reframed in yellow. (C) Pathogenicity score of patients’variants using different prediction software.
(D-D’) Folding prediction of isoform 1 protein folding wt and mutated in Pt.1 (Swiss-model). (E-E') Prediction of isoform 2 protein folding wt and mutated
in Pt.1 (Swiss-model). The yellow arrow indicates the starting frameshift amino acid
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at exon 12 involving 11 variants among them [6, 8-12]
(Fig. 1A).

Here we describe two patients carrying two variants in
PPP3CA with a distinct severity of clinical gravity. Fur-
thermore, exploiting lymphoblastoid cell lines derived
from patients and controls, we investigated the effect of
the two variants at the transcript and protein level, also
investigating the involvement of the UPR pathway.

Methods
WES analysis and variant validation
The whole exome sequencing (WES) analysis was per-
formed on DNA extracted from the peripheral blood
of the proband and its parents. Regions containing
exons and genome splicing sites are enriched by solu-
tion hybridisation (Agilent, SureSelect Clinical Research
Exome) and analysed by massively parallel sequenc-
ing (Illumina, PE 2x150). The analysis is focused on the
disease genes associated with the clinical features of the
probands and in the absence of certain familiarity, is per-
formed considering an autosomal recessive or de novo
dominant. Identified variants are reported according to
the HGVS nomenclature (hgvs-nomenclature.org).
Sanger sequencing was used on DNA to confirm the
identified variant in Pt.1 (forward primer CGGAGAGC
CAAGATAGAGGG, reverse primer CAGGGCTCTAA
TGACACAGC) and Pt.2 (forward primer TCTGTTTT
GTGTGCCA, reverse primer TCAACCCACACTCTG
T). Sanger sequencing has also been carried out on both
patients cDNA to verify/exclude the presence of aber-
rant transcripts (forward primer CAGCCCGGAAAGA
GGTGATA, reverse primer GTGCCGTTAGTCTCTG
AGGT). The two variants have been reported in LOVD
website with the variant ID #0000987643 (Pt.1) and
ID#0000987644 (Pt.2) (www.lovd.nl).

Table 1 Specific primer sequences used for RT-gPCR
experiments
Primer Name

Sequence (5'-> 3')

Pri1F GGAACAAGATCCGAGCAATAGG
Pri2_13R TAGCCTCAACAGTAGCGCTT

Pr1i2_14R CTTTGATAGCGCTTTGCAGGG

BiP_f TGTTCAACCAATTATCAGCAAACTC [14]
BiP_r TTCTGCTGTATCCTCTTCACCAGT [14]
CHOP_f GACCTGCAAGAGGTCCTGTC [14]
CHOP_r CTCCTCCTCAGTCAGCCAAG [14]
XPB1sp_f GGAGTTAAGACAGCGCTTGG [14]
XPB1sp_r GCCTGCACCTGCTGCGGA [14]
GAPDH_f AGCCACATCGCTCAGACAC [15]
GAPDH_r GCCCAATACGACCAAATCC [15]
RPLPO_f TCTACAACCCTGAAGTGCTTGAT [15]
RPLPO_r CAATCTGCAGACAGACACTGG [15]
RPL13A_f CCTGGAGGAGAAGAGGAAAGAGA [16]
RPL13A_r TTGAGGACCTCTGTGTATTTGTCAA[16]
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Lymphoblastoid cell lines

From the lymphocytes obtained from the peripheral
blood of the two patients and from healthy controls,
stable lymphoblastoid cell lines (LCLs) were obtained by
transformation with Epstein-Barr virus (Gaslini Genetic
Bank, Genova, IT) [13]. The Ethics Committee of the
Universita degli Studi di Milano approved the use of these
cell lines (Comitato Etico number 99/20, 17 November
2020). LCLs were cultured with RPMI 1640 medium with
L-Glutamine (ECB2000, Euroclone) supplemented with
20% fetal bovin serum (FBS, ECS0180L, Euroclone) and
1% penicillin and streptomycin (ECB3001, Euroclone).

RNA extraction and RT-qPCR

Total RNA was obtained from LCL cell pellets using the
phenol/chloroform method NucleoZOL (740404.200,
Macherey-Nagel) and quantified at the Nanodrop spec-
trophotometer. 1 pg of RNA was then retrotranscribed
using All-in-one 5x RT MasterMix kit (G592, Abm) and
random primers. RT-qPCR was performed on CFX Opus
96 system thermocycler (Bio-Rad) using Master Mix
with TB Green (RR420A, Takara Bio Inc.), specific prim-
ers (Table 1) and 2 ul of cDNA diluted 1:10 for each well.
The quantification cycle (Cq) value and the AACq were
calculated relative to control samples using Cq threshold
values normalized to the housekeeping genes GAPDH/
RPLPO/RPL13A (Table 1). Experiments were performed
in biological and technical triplicate.

Protein extraction and Western blot analysis

Patients and controls LCLs were lysed in S300 buffer
(50 mM HEPES pH 7.6, 300 mM NaCl, 0.1% NP40, 2
mM MgCl2, 10% glycerol) with nuclease and phospha-
tase protease inhibitor cocktail (P8340, Sigma-Aldrich).
Lysates were centrifuged at 10,000 g for 10 min at 4 °C
and protein concentration was determined with the
Bradford assay (Bio-Rad). Protein lysates were denatured
in Laemmli sample buffer 4x (LSB, #1610747, Bio-Rad)
supplemented with B-mercaptoethanol and then used
for SDS-PAGE separation through 10% Mini-PROTEAN
TGX Precast Protein (4561034, Bio-Rad). Proteins were
transferred to nitrocellulose membranes (Bio-Rad) in
Transfer buffer 1x and immunoblotted with rabbit anti-
PPP3CA (1:1000; A300-908 A, Bethyl Laboratories) or
rabbit anti-GAPDH (1:1000; 5174 S, Cell Signaling) fol-
lowed by goat anti-rabbit HRP-conjugated antibodies
(1:2000; 12—348, Merck Millipore). Images of the chemi-
luminescent signal were acquired by the Chemidoc imag-
ing system using Image Lab software (v5.2.1, Bio-Rad)
after incubating the membranes with ECL (#1705061
Bio-Rad). For quantification, 3 independent experiments
were performed, the OD of the signal was measured with
Image] software (v1.52a, NIH) and the mean pixel inten-
sity was calculated.
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MTT assay

To assess the proliferative capacity of each LCLs, the
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetra-
zolium bromide) assay was performed for 4 consecutive
days, starting from day O with a concentration of 250,000
cells/ml, taking 1 ml each day from a different flask and
adding MTT stock solution (5 mg/ml MTT powder
in sterile white serum-free medium) (M2003, Sigma-
Aldrich) leading to the formation of a purple precipitate.
MTT is a salt that can cross the cell membrane and mito-
chondrial membranes, where it is converted to formazan
in metabolically active cells. After a two-hour incuba-
tion, the supernatant was discarded and isopropanol was
added, which allows lysis of the cells. The reaction is
chromogenic, and the amount of formazan produced
can be measured by colorimetric analysis at 590 nm on
a microplate spectrophotometer (Ensight PerkinElmer).

Table 2 Clinical table of the main two patients’ clinical features.
EEG: electroencephalography, PEG: Percutaneous Endoscopic
Gastrostomy, GE reflux: Gastroesophageal reflux

Pt.1 Pt.2
Ethnicity Caucasian Caucasian
Sex Male Male
Year of birth/death 2017-2014 2015-still alive
Pathogenic variant €.1253_1256dup c.1340-1G>C
(p.Ser419ArgfsTer33) (IVS12)
Prenatal period Normal Normal
Gestation 38w+4d 37w+5d
Developmentdelay  Severe Moderate
Muscle tone Fluctuating in the limbs Normal
Autistic Features Not evaluable Moderate
Age of seizure onset 2 months 4 and half
years
When Wakefulness, fall asleep, sleep Wakefulness,
sleep
Seizure Types Polymorphic (myoclonic, focal,  Tonic-clonic
tonic)
Therapy Not effective polytherapy Valproic acid
EEG Markedly disorganized Discreetly
organized
Dysmorphic Features  Absence Absence
Skeletal Absence Absence
Abnormalities
Sleep-wake rhythm  Severe alteration Normal
Respiratory Respiratory failure, oxygen Absence
anomalies dependence
Feeding problems PEG with ketogenic diet, GE Absence
reflux
Vision problems Incorrect conjugated eye Absence
movements, absence of eye
contact
Speech Absence Moderate
delay, dyslalia
Deambulation Absence Normal
Other findings Tetraparesis Absence
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Cytofluorimetry

To assess apoptosis, a pellet of 4 million LCLs from
patients and controls was prepared using CytoFix/Perm
Kit (554714, BD Biosciences). This kit includes a solution
to fix cells (fixation solution), a solution to permeabilize
cells (permeabilization solution), and a washing solution
(BD Perm/Wash™ Buffer). Subsequently, the pellets were
labeled with the antibody anti-active Cas3 APC-conju-
gated (560626, BD Pharmingen). In parallel, tubes with
normal mouse IgG isotype control APC-conjugated and
one tube with no antibody for negative control were pre-
pared. Tubes were read at BD FACSVerse™ flow cytome-
ter, data acquisition and analysis were done BD FACSuite
v1.0.6 software. Experiments were performed in biologi-
cal and technical triplicate.

Statistical analysis

Data were analyzed using Excel and expressed as
meantStandard Error of the Mean (SEM). Statisti-
cal analysis of the experimental data was performed
using the Student t-test, considering significance for
p value<0.05 (* p<0.05 ** p<0.01; *** p<0.001; ****
»<0.0001).

Results

Clinical report

Patient 1

The proband (Pt.1) was the only son of a healthy non-
consanguineous Italian couple, born from uneventful
pregnancy. By the age of two months, he had myoclonic
seizures requiring hospitalization, and unresponsive to
multiple anti-epileptic treatments. Preferential head pos-
ture turned to the right, absence of eye contact, erratic
conjugate eye movements; fluctuating hypertonia of the
four limbs, and poor active motility were noted. No facial
dysmorphisms or other minor anomalies were associated.
Head Magnetic Resonance only showed thinned corpus
callosum. In the first years of age he showed progres-
sive respiratory failure needing oxygen supplementation,
dysphagia, tetra-paresis, severe alteration of the sleep-
wake rhythm, and refractory polymorphous seizures of
variable intensity and duration both in wakefulness and
asleep. Percutaneous endoscopic gastrostomy (PEG) was
placed. Polysomnography documented a markedly dis-
organized and poor electroencephalography (EEG) with
numerous episodes of a possible critical nature. (Table 2).
The proband died at the age of 7 years due to respiratory
complications.

Patient 2

Pt.2 The proband (Pt.2) was the second-born to a healthy
non-consanguineous Italian couple, born from unevent-
ful pregnancy. At birth a double renal district has been
detected and followed up in the first months of age. He
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showed regular growth. Language delay was noted from
the age of 2 years, with initial diagnosis of autism spec-
trum disorder, for which he started Applied Behavior
Analysis (ABA) rehabilitation. When he was 5 years old,
he had a first critical episode of epilepsy; during hospi-
talization 3 new episodes of generalized tonic-clonic
seizures with desaturation have been documented. EEG
showed sporadic frontal and diffuse paroxysmal anoma-
lies. Head MRI (magnetic resonance imaging) was nor-
mal. Valproic acid therapy was started with benefit. He
also had moderate developmental delay, and emotional
regulation disorder. At the age of 8 years, no more sei-
zures have been reported and the patient showed
improved speech with dyslalia, good strength and coor-
dination, difficulties in relationships. He attends primary
school with support. EEG shows marked improvement,
with only slow activity excess (Table 2). To date, this
patient is the most different from all those described,
with a milder phenotype based on developmental, respi-
ratory and neurological symptoms.

Genetics

We performed trio-based whole-exome sequencing
(WES-trio) on the two probands and their parents. After
filtering, in both patients we identified a de novo hetero-
zygous variant in the PPP3CA gene, a variant already
reported in literature [17].

In Pt.1 we identified the c¢.1253_1256dup vari-
ant at position Chr4(GRCh38):g.101,032,350
(NM_000944.5:c.1253_1256dup - p.(Ser419Argfs*33)),
which causes a frameshift at the beginning of exon 12
with the formation of a premature termination codon
(PTC) (Fig. 1A) (Table 3).

In Pt2 we identified the ¢.1340-1G>C vari-
ant at position Chr4(GRCh38):2.101,029,196
(NM_000944.4:c.1340-1G>C), which alters the splice
acceptor site of intron 12 of PPP3CA (Fig. 1A).

WES results were confirmed by Sanger sequencing
using specific primers (Fig. 1B) on DNA and ¢cDNA of
patients LCLs, although for Pt.2 the variant is not appre-
ciable in cDNA; additionally, was ruled out the presence
of aberrant transcripts caused by the Pt.2 splicing variant.
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The two variants were predicted to be likely pathogenic
or pathogenic by different software (Varsome, Franklin,
ACMG classification) (www.varsome.com, www.franklin.
genoox.com) and alignment sites were found to be evolu-
tionarily conserved (phylop100) (Fig. 1C).

In silico analysis of Pt.1 variant predicted a prema-
ture stop codon in exon 13 at position 450 for isoform 1
(Fig. 1D-D’), while for isoform 2 the premature termina-
tion codon is predicted to be in exon 14 at position 456
(Fig. 1E-E’) (expasy.org).

In vitro studies

PPP3CA isoforms expression studies

First, we studied the two major PPP3CA isoforms expres-
sion: isoform 1, which retains exon 13, and isoform 2, in
which exon 13 is excised by exon skipping. The experi-
ments were performed on ¢cDNA derived from RNA
extracted from LCLs derived from the two patients (Pt.1
and Pt.2) and three controls (CTRL). To study the two
isoforms separately, we designed specific reverse prim-
ers for the different junctions: exonl2—exonl3 junction
for isoform 1 and exonl2-exonl4 junction for isoform
2; for both amplification we used the same exon 11 for-
ward primer (Fig. 2A-B). Isoform 1 resulted to be under
expressed in Pt.1 (p=0.01) with a fold decrease of 0.3
while no changes in its expressions were observed in Pt.2
compared to controls. In stark contrast, isoform 2 was
2.8 more expressed in Pt.1 than in controls (p=9.2E-05),
while in Pt.2 this isoform was downregulated (p=0.02)
with a significant decrease of 0.7 compared to controls
(Fig. 2A-B).

PPP3CA protein-level analysis

Having established that the two patients’ pathogenic
variants affect the PPP3CA two isoforms expression, we
evaluated the protein translation by western blot (WB)
analysis on LCLs lysates derived both from patients and
controls. No statistically significant difference was found
in the abundance of PPP3CA in patients compared with
controls. (Fig. 2C-D-E).

Table 3 Wildtype (wt) and aberrant (mut) aminoacid sequences due to Pt.1 frameshift variant starting with exon 12.The amino acid
fragment coding by exon 13 is written in green; new amino acids caused by frameshift reading are underlined (expasy.org)

Amino acid sequence

aa

Isol ...REESESVLTLKGLTPTGMLPSGVLSGGKQTLQSATVEAIEADEAIKGFSPQHKITSFEEAKGLDRINERMPPRRDAMPSDANLNSINKALTSETNGTDSNGSNS- 521

wt  SNIQ

Iso1 ...REESERECADAERLDPNWHAPQRSTFWREANPAKRYC 450
mut

Iso2 ...REESESVLTLKGLTPTGMLPSGVLSGGKQTLQSAIKGFSPQHKITSFEEAKGLDRINERMPPRRDAMPSDANLNSINKALTSETNGTDSNGSNSSNIQ 511
wt

Iso2 ...REESERECADAERLDPNWHAPQRSTFWREANPAKRYQRIFTTT 456

mut
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Fig. 2 Expression analyses of PPP3CA transcript and protein in patients and controls LCLs- controls pool (grey bar), Pt.1 (plum-colored bar) and Pt.2 (pink
bar) (A) mMRNA relative expression of PPP3CA isoform 1 (B) mRNA relative expression of PPP3CA isoform 2. The yellow arrows indicate the location of the
primers used. (C) Representation of C-terminal partion of the protein; the yellow box indicates the antibody binding zone; (D) western blot analysis of
PPP3CA protein (56 kDa) normalized on GAPDH (37 kDa), (E) plot presenting the protein quantification. Data analysis was performed using Student’s t-test
as statistical method, significance was considered for p<0.05 (¥ p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001)

Patients LCLs proliferation and survival
To assess the proliferative capability of the lymphoblas-
toid cell lines derived from the two patients, the MTT
assay was performed for four consecutive days and com-
pared to controls. The proliferation curve of Pt.2 was
overlapping with that of controls, while proliferation was
significantly reduced in cells derived from Pt.1, as early as
the first day of measurement (at day 4, p=0.04) (Fig. 3A).
Given the lower proliferation rate of Pt.1 LCL we inves-
tigated the mortality of these cells to assess if the reduced
proliferative capacity was associated with increased
cell death. Cleaved Caspase 3 (cCas-3) was analyzed by
cytofluorimetry after 48 h of culture. Pt.1 had a higher
percentage of cCas-3 positive cells than controls, a dif-
ference found to be statistically significant (p=0.001)

(Fig. 3B). These data suggest that the altered proliferation
rate of Pt.1 LCL is a consequence of an increased number
of apoptotic cells.

UPR genes expression studies
Data reported above about two novel PPP3CA variants
show altered expression levels of isoform 2 (Pt.2) or both
isoform 1 and 2 (Pt.1) at the mRNA level and predict
altered protein products at the protein level for Pt.1. In
cell lines derived from both patients, a significant depres-
sion of proliferation and enhancement of apoptosis was
shown.

Among the pervasive regulatory actions exerted
by CaN, one revolves around the attenuation of cell
stress, and specifically ER stress, by contributing to the
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line and bar indicate Pt.2. Data analysis was performed using Student’s t-test as statistical method, significance was considered for p<0.05 (¥ p <0.05; **
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mechanisms of calcium homeostasis and by modulating
the UPR pathway through the association with, and the
dephosphorylation of protein partners such as Calnexin
and Perk protein kinase among others.

Hence, we investigated the expression of UPR marker
genes (BiP, CHOP, XPBI) in the LCLs derived from
patients and controls. In Pt.1 LCLs, all three genes were
found to be overexpressed: BiP 2.3-fold (p=0.0001),
CHOP 4.5-fold (p=0.0007) and XPBI 2.3-fold (p=0.004),
respectively (Fig. 3C). In Pt.2 LCLs, 2 out of 3 genes were
found to be overexpressed: BiP 2-fold (p=0.0009) and
CHOP 4,6-fold (p=0.0008), respectively (Fig. 3C). Data,
thus, agree with a sustained activation of UPR at the
transcriptional level in both patient-derived LCLs.

Discussion

Calcineurin (Cn) is a protein phosphatase, that regulates
by both physical interaction and dephosphorylation an
extensive array of protein targets [2—5]. Moreover, CaN
has been known to be involved in ER calcium signaling
and homeostasis, as well as in modulating the activity of
ER-associated UPR mediators such as Calnexin and Perk
[18, 19]. UPR is an adaptive cell response to ER stress,
which is activated when ER proteostasis is broken with
an accumulation of misfolded and unfolded proteins in
the ER [20, 21]. A prolonged activation of this pathway
can drive the cell to apoptosis [20, 21]. In this study, we
identified two patients with distinct clinical features and
severity with two de novo variants in the PPP3CA gene,
which codes for CaN catalytic subunit alpha, and investi-
gated their effects exploiting a patient-derived LCLs.

Pt.1 fully satisfies the criteria for class 3 patients,
according to the classification proposed by Panneer-
selvam et al.. in 2021 [6]: patients with a heterozygous
mutation truncating PPP3CA RD domain, who display
a loosely defined clinical spectrum that includes devel-
opmental delay, intellectual disability, abnormal EEG,
early-onset epilepsy and brain anomalies. Pt.2 escapes
the severe manifestation. This discrepancy could be due

to the type of variant i.e. splicing variant and not falling
in the coding region.

For Pt.1 the increase in isoform 2 expression could be
explained by a compensatory mechanism implemented
by the cell to offset the production of a nonfunctioning
truncated protein; this mechanism is known to inter-
vene to reverse inappropriate expression of certain genes
to restore protein homeostasis [22] which found confir-
mation by WB analysis. The high mortality rate, on the
other hand, may be given by the massive activation of the
UPR due to the presence of truncated PPP3CA. Clarify-
ing the molecular mechanism that underlies Pt.1 disorder
requires defining whether the variant acts through a loss-
of-function, haploinsufficiency mechanism, or through
a gain-of-function/dominant-negative effect exerted by
the truncated protein. Based on published biochemi-
cal data, the truncated products of Pt.1 PPP3CA variant
are expected to be constitutively active and dysregulated
as enzymes, due to the absence of the auto-inhibitory
domain [23]. On the other hand, folding prediction algo-
rithms model a misfolded structure for both isoform
1 and isoform 2 shortened proteins and their aberrant
C-terminal tails (Fig. 2D-E’). This might prelude to their
disposal by either the ubiquitin-proteasome pathway, or
the autophagy-lysosome pathway (in case of aggrega-
tion). An unstable and degraded PPP3CA protein would
point to a pathogenic effect descending from haploin-
sufficiency, which implies reduced wt protein amounts.
WB analysis of Pt.1 LCL showed maintained levels of
PPP3CA full-length products when compared with con-
trols; it must be noted, however, that WB analysis was
expected to reveal only the wt allele products (as the
antibody available is directed against C-terminal amino
acids, from residue 470) and doesn’t separate the closely
migrating isoform 1 and 2 polypeptides. Specifically, WB
tells nothing about the presence and relative abundance
of mutated isoform 1 and 2 protein products.

Pt.1 PPP3CA mRNAs analysis, on the other hand,
demonstrated a strong downregulation of isoform 1
and upregulation of isoform 2. Frameshift mutations
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resulting in PTC are targets of the nonsense-mediated
decay (NMD) RNA surveillance system, but according to
the “55 boundary rule’, PTC downstream of the last 55
nucleotides of the penultimate exon escape NMD [24],
as in Pt.1, escape NMD. Releveling of mRNA isoforms
could therefore reflect the activation of another compen-
satory mechanisms, maybe acting at the alternative splic-
ing and/or mRNA stability levels, to selectively offset the
mutated isoform 1 and enhance isoform 2; similar mech-
anisms have been shown to ensue for reversing inap-
propriate gene expression in numerous instances [22].
Intriguingly, isoform 1 is the prevailing splicing form in
central nervous system.

Further studies are needed to determine whether
PPP3CA mutation effect stem from an unbalanced iso-
forms ratio or the influence of stable truncated pro-
teins. Regardless, disrupted CaN signaling likely imposes
chronic cellular stress, explaining the reduced viability
and elevated apoptotic death observed in Pt.1 LCL. Our
data in particular highlight the upregulation of UPR tar-
get genes that drives the pro-apoptotic branch of UPR
signaling [25], suggesting that constitutive activation of
the UPR-apoptosis axis may play a significant role in Pt.1
pathogenesis.

As to Pt.2, his PPP3CA variant, though positionally at
the boundary of the RD-encoding exon 13, is a splicing
mutation that is expected to cause the skipping of exon
13. Experimental data indicate that wt protein levels are
not significantly altered, and that mRNA, similarly, is
only modestly reduced in isoform 2; this, again, can be
regarded as a compensatory upregulation of wt allele
transcription and splicing into isoform 1. The milder
clinical phenotype of Pt.2 compared to all other patients
reported in the literature with pathogenic variants in
PPP3CA, would so be explained by the moderately imbal-
anced expression of the otherwise intact isoforms 1 and
2, in the absence of aberrant protein forms. On the other
hand, the activation of cryptic SA sites could poten-
tially generate small amounts of a truncated protein.
Our attempts to identify by RT-PCR anomalous splicing
forms in Pt.2 LCL failed (data not shown).

Intriguingly, also Pt.2 LCL displayed an upregulated
UPR pathway, although disjoined from a robust activa-
tion of apoptosis. A chronically switched-on UPR might
represent a common phenotype of PPP3CA-pathies;
it would be interesting verifying this point in patients
bearing bona fide loss-of-function CD domain muta-
tions and gain-of-function AID domain mutations. Pt.2
mismatched phenotype is not a novelty in studies of
genotype-phenotype correlation, especially in the con-
text of neurodevelopmental diseases. With the advent
of WES and WGS sequencing, the classical “one gene-
one phenotype” pairwise relation has been subverted
into “one gene-many phenotypes’, particularly in the
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field of neurodevelopmental diseases: the list of diseases
in which not only distinct variants in the same gene,
but even the same variant, can lead to different clinical
phenotypes, is steadily growing, as exemplified by the
Developmental and epileptic encephalopathies, Mar-
fan Syndrome, Rubinstein—Taybi Syndrome [26-28] and
many other disorders.

Conclusions

Using WES-trio investigation we identified two de novo
pathogenic variants in PPP3CA, a novel (in the coding
region) and a splicing variant (in patient 2 described in
Rosina et al.. 2024) [17] not only increasing the num-
ber of known variants reported for this gene, but also
expanding its associated phenotypic spectrum throught
the description of a patient with a splicing variant and a
mild clinical manifestation, characterized by a moder-
ate developmental delay, moderate speech delay, absence
of visual, respiratory and feeding anomalies. This study
clearly indicates the importance of a WES-trio analysis in
presence of a nonspecific clinical picture and adds novel
information for understanding the possible genotype-
phenotype correlations and the pathogenetic mecha-
nisms of PPP3CA variants, specifically with the finding of
an upregulated UPR as a recurrent cell phenotype.
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