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Abstract

PPP1R21 acts as a co-factor for protein phosphatase 1 (PP1), an important serine/threonine phosphatase known to be essential
for cell division, control of glycogen metabolism, protein synthesis, and muscle contractility. Bi-allelic pathogenic variants
in PPPIR2] were linked to a neurodevelopmental disorder with hypotonia, facial dysmorphism, and brain abnormalities
(NEDHFBA) with pediatric onset. Functional studies unraveled impaired vesicular transport as being part of PPP1R21-
related pathomechanism. To decipher further the pathophysiological processes leading to the clinical manifestation of
NEDHFBA, we investigated the proteomic signature of fibroblasts derived from the first NEDHFBA patient harboring a
splice-site mutation in PPPIR2] and presenting with a milder phenotype. Proteomic findings and further functional studies
demonstrate a profound activation of the ubiquitin—proteasome system with presence of protein aggregates and impact on
cellular fitness and moreover suggest a cross-link between activation of the proteolytic system and cytoskeletal architecture
(including filopodia) as exemplified on paradigmatic proteins including actin, thus extending the pathophysiological spectrum
of the disease. In addition, the proteomic signature of PPP]R2]-mutant fibroblasts displayed a dysregulation of a variety of
proteins of neurological relevance. This includes increase proteins which might act toward antagonization of cellular stress
burden in terms of pro-survival, a molecular finding which might accord with the presentation of a milder phenotype of our
NEDHFBA patient.
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Introduction

The protein phosphatase 1 (PP1) is a serine/threonine phos-
phatase that is known to be essential for cell division [1] and
moreover important in the control of glycogen metabolism
[2], protein synthesis, and muscle contractility despite many
other processes. Furthermore, PP1 is known to be expressed
during development in different neuronal cytoskeletal com-
partments [3], thus playing a crucial role in neural systems.
One of the many known regulators of PP1 is the protein phos-
phatase 1 regulatory subunit 21 (PPP1R21) encoded by the
PPPIR2] gene, but until today, its exact molecular effect on
PP1 remains elusive. Considering the crucial role of PP1 and
its regulatory units, PPP1R21 is expected to also have an impor-
tant effect in various cellular functions. Recent investigations
describe a novel neurodevelopmental syndrome caused by bi-
allelic PPPIR21 loss-of-function variants and imply a role for
PPP1R21 within the endosomal sorting process or endosome
maturation pathway [4]. So far, 11 individuals with homozy-
gous pathogenic variants in the PPPIR21 gene have been
linked to the neurological phenotype [4—8]. The phenotype of
PPPIR2] cases shows a broad spectrum of abnormalities. The
majority of patients have a developmental delay/intellectual dis-
ability, coarse facial features with low set ears, muscle hypoto-
nia, brain anomalies (e.g., reduced white matter and cerebellar
vermis hypoplasia), feeding problems, ocular signs (strabismus/
nystagmus), cardiac defects, and respiratory findings [7].
However, the underlying pathomechanism is still not fully
understood. To address this lack of knowledge and to unravel
pathophysiological processes related to the etiology of the
PPPIR2] disease, we utilized proteomics. This approach was
prompted by the fact that proteomics was demonstrated to be
a suitable technique to identify processes taking place in neu-
rological diseases [9] and thus applied on fibroblasts derived
from a patient carrying the first homozygous splice variant
described for this gene. This approach indicated activation of
the ubiquitin—proteasome system accompanied by dysregula-
tion of cytoskeletal proteins, two findings not only verified by
further comprehensive studies but also apparently function-
ally cross-linked in the pathophysiology of PPP1R21opathy.
Further protein-dysregulations hint toward the activation of
compensatory strategies, a molecular finding which would be
consistent with the less severe phenotype seen in our patient.

Materials and Methods
Genetic Analysis
DNA samples from the proband and his parents were sub-

jected to whole exome sequencing. Libraries were created
with an Illumina exome capture (38 Mb target) kit and

sequenced with a mean target coverage of 80x (Genom-
ics Platform, Broad Institute of MIT and Harvard, Cam-
bridge, USA). Data analysis was carried out in two stages,
first searching for pathogenic/likely pathogenic variants
in genes known to be associated with the clinical pres-
entation (in silico panel). If no variants were identified,
and given the known consanguinity in the family, the full
exome was interrogated by applying a stringent criterion
searching for homozygous highly damaging variants (i.e.,
nonsense, splice region, and frame-shift) absent in the
control population (gnomAD; http://gnomad.broadinsti
tute.org).

Sample Preparation for Proteomics

Cell lysis of cell pellets was performed by adding 200 ul of
50 mM Tris—HCl (pH 7.8) buffer, 1% SDS with cOmplete
ULTRA protease inhibitor (Roche), and a sonication step
with an ultrasound probe (30 s, 1 s/1 s, and amplitude 40%),
followed by centrifugation at 4 °C and 20,000 g for 15 min.
To precipitate the proteins, 3 ml of ice-cold acetone was
added and incubated overnight at — 20 °C. After centrifuga-
tion at 4 °C for 20 min at 20,000 g, the supernatant was dis-
carded, and the precipitated proteins were dried under a flow
hood for a few minutes. Then, the dried protein pellet was
dissolved by adding 8 M urea and mixing for one hour. After
complete solubilization, the samples were diluted to 2 M
urea using 10 mM ABC (ammonium bicarbonate, pH 7.8)
buffer. To determine the protein concentration, a BCA
(Pierce BCA protein assay kit) was performed according
to the manufacturer's instructions. Reduction and carbami-
domethylation of the samples were performed with 10 mM
TCEP (tris-(2-carboxyethyl)-phosphine) for an incubation
time of 30 min at 37 °C and with 15 mM IAA (iodoaceta-
mide) for an incubation time of 30 min at RT, respectively.
Proteins were hydrolyzed in solution with a trypsin to pro-
tein ratio of 1:100. Tryptic digestion was performed over-
night at 37 °C and stopped the next day by addition of 99%
formic acid (FA). Samples were desalted by solid phase
extraction using C18 filter cartridges (Waters) by washing
with 0.1% trifluoroacetic acid (TFA). This was followed by
elution with 80% acetonitrile (ACN). The purified samples
were dried using a vacuum concentrator. The concentration
was adjusted to 1 pg/ul with 0.1% TFA.

All proteolytic digests were checked for complete
hydrolysation using a monolithic column separation (Pep-
Swift monolithic PS-DVB PL-CAP200-PM, Dionex) on
an inert Ultimate 3000 HPLC (Dionex) by direct injection
of 1 pg sample. A binary gradient (solvent A: 0.1% TFA,
solvent B: 0.08% TFA, 84% ACN) of 5-12% B in 5 min
and then of 12-50% B in 15 min was applied at a flow rate
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of 2.2 pl/min and at 60 °C. UV traces were recorded at
214 nm [10].

Mass Spectrometry Analysis

Mass spectrometric measurements were performed in data-
independent acquisition (DIA) mode. For this purpose,
each sample to be analyzed was mixed with an appropriate
amount of iRT standard peptides (Biognosys). A total of
1 ug of each sample was used for analysis. The final hydro-
lysate was loaded onto an Ultimate 3000 Rapid Separation
Liquid Chromatography (RSLC) nanosystem with a Pro-
Flow flow control in line with a Fusion Lumos Tribrid mass
spectrometer (both from Thermo Scientific). After initial
loading, peptides were pre-concentrated on a trapping col-
umn (Acclaim C18 PepMap100, 100 um, 2 cm) using 0.1%
TFA at a flow rate of 10 ul/min. Subsequent sample separa-
tion was performed on a reversed-phase column (Acclaim
C18 PepMap100, 75 um, 50 cm) using a binary gradient:
3% solvent B (84% ACN with 0.1% TFA) for 10 min, a
linear increase in solvent B to 35% for 120 min, and a linear
increase in solvent B to 95% for 10 min followed by a linear
reduction in solvent B to 3% for 5 min. Full MS scans were
acquired from 300 to 1100 m/z at a resolution of 60,000
(Orbitrap) using the polysiloxane ion at 445.12002 m/z as
the lock mass. The automatic gain control (AGC) was set
to SE5 and the maximum injection time to 20 ms. The full
MS scans were followed by 30 DIA windows acquired at
a resolution of 30,000 (Orbitrap) with AGC set to 1E6, a
maximum injection time of 60 ms, and a normalized colli-
sion energy of 32 (HCD).

Data Analysis

The acquired data were imported into Spectronaut software
(Biognosys). The human proteome data from UniProt (www.
uniprot.org), containing 20,374 entries, were selected as
the proteome background. Processing settings were as fol-
lows: enzyme was trypsin, minimum and maximum peptide
length were set to 7 and 52, respectively, and missed cleav-
ages were set to 2. Carbamidomethyl for cysteine was set
as a fixed modification. Acetyl (protein N-term) and oxida-
tion of methionine were set as variable modifications. All
settings related to library generation including tolerances,
identification, filters, iRT calibration, and workflow were
left at factory defaults. For relative quantification, the Top N
max 3 option was chosen, meaning that for each protein the
average of the 3 peptides identified with the highest intensity
was taken to calculate the quantitative value for that protein.
The analyzed data were matched against an in-house spectral
library [11] and protein identification was performed using
the pulsar search engine included in Spectronaut.
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Visualization of Regulated Proteins and GO Terms

Voronoi diagrams depicting functional categories and pro-
teins were generated using the online software Proteomaps
[12]. The size of a protein tile depends on the size of the
calculated ratio. This was determined as the mean of three
biological replicates.

Protein Network Analysis

To investigate possible functional protein interactions in
silico, the resulting list of dysregulated proteins was entered
into the STRING database [13]. For this purpose, the signifi-
cance score for the interactions in the STRING network was
calculated by combining the categories of co-expression,
experimental, knowledge, and text mining from the data-
base. The interaction score was set to 0.4. A score of 0.5
would mean that every second interaction could be errone-
ous or false positive. The smaller this value is chosen, the
more trustworthy the displayed interactions are.

Electron Microscopy on Fibroblasts

To investigate the presence of protein aggregates on the
ultra-structural level, transmission electron microscopy
(TEM) was carried out: cell pellets of PPP1R21-mutant
and two controls fibroblasts were fixed with 2.9% glu-
taraldehyde/0.4 M phosphate buffered saline (PBS) and
were processed with a Leica EM TP tissue processor with
1%-osmium-tetroxide and embedded in resin. For electron
microscopy, ultrathin sections were contrasted with 3% lead
citrate trihydrate with a Leica EM AC20 (Ultrastain kit II)
and were examined using a Zeiss EM 109 transmission elec-
tron microscope equipped with a Slowscan-2 K-CCD-digital
camera (2 K-wide-angle Sharp:eye).

Myelin figures (MF) were analyzed at ultrastructural
images (magnification X 4.400 and 12.000). MF were
counted in all fibroblasts in which the nucleus was gated.

Investigation of Proteasome Activity and Cellular
Viability

The activity of the proteasome was measured in cultured fibro-
blasts derived from the PPPIR2I-patient and two controls
(grouped for further data analysis) utilizing the Proteasome
Activity Assay Kit (Abcam ab107921) according to the manu-
facturer's instructions. To block proteasomal activity, cells were
treated with 10 uM MG132 for 16 h. Cellular viability was moni-
tored by measuring the metabolic activity of fibroblasts making
use of an MTT-assay (a colorimetric assay; 3-[4,5-dimethylth-
iazol-2-yl]-2,5 diphenyl tetrazolium bromide). The MTT assay
way carried out as described previously [14].
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Immunoblot Studies on Whole Protein Extracts
of Human Fibroblasts

Immunoblot studies on whole proteins extracts of the
PPP1R21-patient and two pooled controls were carried out
as described previously [15] utilizing the primary antibodies
listed in supplementary Table 2.

Transcript Studies on cDNA of Human Fibroblasts

Total RNA was extracted from fibroblasts of the patient,
as well as controls, using a Trizol-chloroform method and
reversely transcribed into cDNA using the High-Capacity
cDNA Archive Kit (Applied Biosystems, Foster City, CA). For
gPCR reactions, 10 ng of cDNA was used for analysis on the
QuantStudio 6 Flex System (Applied Biosystems, Foster City,
CA) with the following running conditions: 95 °C 0:20, 95 °C
0:01, 60 °C 0:20, and 45 cycles (values above 40 cycles were
defined as “not expressed”). All targeted transcripts were run
as triplicates. The TagMan® Gene Exp Assay (Life Technolo-
gies/ ThermoFisher) is listed as follows: ATF4 Hs00909569_
gl, ATP6 Hs00232586_m1, BAG3 HS00188713_ml,
BECN1 Hs00186838_m1, CALRHs00376764_m1, CALU
Hs04992290_s1, CANX Hs01558409_ml, EDEM]I
Hs00976004_m1, EIF2A Hs00230684_m1, EIF2AK3/PERK
Hs00984003_m1, ERNI/IREI Hs01086607_m1, GRP170/
HYOUI Hs00197328_m1, HSPAIB Hs01040501_sH, HSPA5/
GRP78/BIP Hs00607129_gH, HSPAS Hs03044880_gH,
HSPBS Hs00205056_m1, HSP90B1/GRP94 Hs00427665_
gl, LAMP] Hs00931461_m1, LC3/MAPI Hs01076567_¢l1,
LMP7/PSMBS8 Hs00544760_g1, PDIA2 Hs00429010_m1,
PDIA3 Hs00607126_m1, PGK1 Hs99999906_m1 (reference
gene), PSME] Hs00389210_g1, PSME2 Hs01923165_ul,
SEC63 Hs00273093_m1, and XBPI Hs00231936_ml1.

Gene expression of patient fibroblast was determined three
times and illustrated by the fold change compared to the mean
level of control fibroblasts. A p value <0.05 was considered
significant and calculated with GraphPad Prism 9.2.0 (Graph-
Pad Software, Inc., La Jolla, CA, USA).

Confocal Laser Scanning Microscopy (CLSM)
and Image Processing of Fluorescent-Labeled
Human Fibroblasts

High resolution scans of human fibroblasts stained with
FITC-phalloidin were performed using a Leica TCS
SP8 confocal laser scanning microscope with acousto-
optic tunable filters, an acousto-optical beam splitter,
internal hybrid detectors (HyD SP), and a LMT200
high precision scanning stage. Imaging of coverslip-
embedded samples was performed via a Leica HC PL
APO 63x/1.20 W CORR objective in combination with
variable digital zoom factors according to fibroblast

size. Phalloidin-AlexaFluor488 labeled actin fibers were
excited with an argon laser at 488 nm and detected with an
internal HyD at 500-550 nm. In a second sequence, DAPI
was excited with a 405 nm diode-pumped solid-state
laser and detected by an internal HyD at 450-500 nm.
Generated images were deconvoluted with Huygens Pro-
fessional (SVI) and reconstructed with Imaris software
(Bitplane). To generate the circular color map and the
coherency orientation index (COI), the confocal scanned
z-stacks were loaded into ImageJ and converted into max-
imum intensity projections (MIP) using the Z Project tool.
Single cells were identified by manual region of interest
(ROI) definition and optically separated by clearing the
area outside the ROI. Afterwards, the isolated cells were
horizontally aligned, the color maps were generated, and
the COI of the respective cells was determined with the
help of the OrientationJ plugin. Statistical analysis of the
COI values was performed with GraphPad Prism 9.

The filopodia of human fibroblasts were manually iso-
lated optically from the rest of the actin-fiber skeleton of the
cell body based on their morphological characteristics and
quantified accordingly. The length as well as the branching
of filopodia was quantified using the ImageJ plugin "Analyze
Skeleton (2D/3D)" [16].

Results
Clinical Findings

The patient, a 6-year-old boy, is the first child of healthy con-
sanguineous parents of Turkish origin. Pregnancy was une-
ventful, mother being 24 years old at conception. Birth was
an uncomplicated with spontaneous delivery at 38+ 1 weeks
of gestation (Apgar score 10/10/10, umbilical cord pH 7.28).
Birth measures were as following: weight=3640 g (76. per-
centile, 0.7z), length=53 cm (78. percentile, 0.78z), and
head circumference =33,5 cm (15. percentile, — 1.05z)
(z-scores and percentiles: [17]).

At the age of 2 h, the patient was admitted to the neo-
natal care unit due to a cardiopulmonary adaption disor-
der. He needed respiratory support via high flow nasal
cannula (HFNC) and intravenous fluids for two days.
Directly postnatally, an intermittent strabismus of both
eyes, a slight mandibular retrognathia, a slight thoracic
instability, and low-set ears were noticed. Muscle tone
was truncal hypertonic and peripheral hypotonic. Mag-
netic resonance imaging (MRI) of the head showed no
malformations (small bleeding foci in the right central
region), electroencephalography (EEG), and echocardiog-
raphy showed normal results. Visually evoked potentials
were abnormal but ophthalmologic examination showed
normal results.
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At 7 months of age, the parents reported good thriving.
In the clinical examination, the child showed a general-
ized hypotonia. In the traction test, the head was taken
along only briefly, in prone position also only brief head
control was possible. No weight assumption in held
stance. Social smile, vocalization, and normal interac-
tion with his mother were noticed. Strabismus convergens
alternans was still present.

At the age of one year, the parents reported a devel-
opmental delay. He had not yet learned to crawl, sitting
without support was not possible. He could roll from
prone to supine. The MRI follow-up showed a moderate
periventricular leukomalacia (PVL).

At age four years, the boy attempted to communicate
through sounds and vocalizations, no speech production.
Social smile was shown. The skull was asymmetrical (pla-
giocephaly), the face broad. Pupillary reaction to light
was regular on both sides, he followed a light source.
During sleep, the eyelids were half open. The bridge of
the nose was narrow, as were the lips; the philtrum was
long. The ears were large and low set, slightly asymmetri-
cal. The muscle tone was markedly hypotonic. No raising
of arms, no grasping was shown. He was able to turn from
supine to prone position. Build was strong, trunk to limb
ratio proportionate. Skin was fair, no pigment abnormali-
ties present, the patient had dark blond hair. The hands
showed a single transverse palmar crease. Chest was flat,
heart and lungs auscultation were unremarkable, no liver
or spleen enlargement existing. Genitals were male, pre-
pubertal, right testis was descended, left not palpable
(cryptorchidism). Body weight 20 kg (90th percentile,
1.26z), body height 104 cm (49th percentile, — 0.02z),
BMI 18.5 kg/m2 (96th percentile, 1.74z) (z-scores and
percentiles: [18]), and head circumference 50.5 cm (30th
percentile, — 0.53z) (z-score and percentile: [19]).

Based on the lack of the full clinical presentation of
NEDHFBA known from the literature (MIM: 619,383),
especially regarding cardiac abnormalities, scoliosis, and
CNS anomalies, we postulate the presence of a milder
phenotype in our patient.

Molecular Genetic Findings

The full exome was interrogated by applying a stringent
criterion searching for homozygous highly damaging vari-
ants (i.e., nonsense, splice region, and frame-shift) absent
in the control population (gnomAD; http://gnomad.broad
institute.org). Thus, a homozygous splice region variant in
the PPPIR2]1 gene was identified (hg19:2:48692629A > G;
c.748-3A > G). As expected, unaffected parents were
heterozygous for the variant. Next generation sequenc-
ing results were confirmed by Sanger sequencing of an
amplicon spanning the intron 8 and exon 9 junction of
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PPPIR21 (Fig. 1A). Furthermore, the effect of this splice
site variant was investigated at the cDNA level based
on RNA extracted from peripheral blood showing that
this homozygous variant leads to the insertion of two
nucleotides on the mRNA (r.747_748insAG) in turn lead-
ing to a frameshift mutation at the beginning of exon
9 (p.Leu250Serfs*2) (Fig. 1B). The same finding was
obtained when analyzing cDNA obtained from cultured
fibroblasts from the patient (Fig. 1C).

PPP21R1 Expression in Human Fibroblasts

A GTex-based in silico analysis was carried out and showed
presence of PPPIR2] transcripts in fibroblasts in addition
to nervous and muscle tissue (Fig. 2A). By screening our in-
house spectral library [20], we identified PPP1R21 with 12
unique peptides in total, covering 26.25% across the whole
protein sequence (Fig. 2B). These combined findings sup-
port fibroblasts as a suitable in vitro model to study patho-
biochemical processes taking place in case of deficiency of
functional PPP1R21. To prove pathogenicity of the identi-
fied homozygous splice site variant leading to a pre-mature
stop codon at the beginning of exon 9 in PPPIR21, we
next analyzed PPP1R21 protein levels by immunoblotting.
Utilizing two different antibodies (two different epitopes),
we found complete loss of protein expression on protein
extracts from patient fibroblasts compared to matched con-
trols (Fig. 2C).

Proteomic Signature of PPP1R21 Patient-Derived
Fibroblasts

By utilizing LC-MS/MS for proteomic profiling and tak-
ing advantage of our in-house spectral library (see Mate-
rials and Methods), we identified 4801 proteins in the
PPPIR21-patient derived samples, of which 4701 were
represented with at least two unique peptides. Focusing on
these 4701 proteins for further data analysis, 853 (18.15%)
proteins were significantly dysregulated with a p value
of <0.05 with 584 proteins being up- and 269 proteins
being downregulated, respectively (Fig. 3A).

Our proteomic data revealed an increase of proteins
belonging to the ubiquitin—proteasome system includ-
ing PSMBY, DTX3L, TRIM16, PSMG4, CRBN, TTC3,
COMMDS, UBE2L6, PSME2, PSMD10, UBE2Z,
PSMB10, AGAP3, RPS27A, UBE20, TRIM21, HECTD3,
TMUBI1, OBSL1, UBE2N, PSMG2, OS9, UBE2L3,
CLU, UBXN?7, USP7, SGTA, PSMAS, USP24, CUL7,
BABAMI, and PSMD7 (Suppl. Tab. 1), thus indicating
an activation of this multi-catalytical protein clearance
machinery.
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Fig.2 PPP1R21 expression in
human fibroblasts. A GTEx-
based in silico analysis of
PPPIR2] revealed expression
in nervous tissues (yellow),
cultured fibroblasts (blue),
blood (pink), skeletal (light pur-
ple), and cardiac muscle (dark
purple). B Sequence coverage
of PPP1R21 based on unique
peptides catalog in our spectral
library. C Immunoblot stud-
ies (including quantification)
utilizing two anti-PPP1R21
antibodies on whole protein
extracts show loss of PPP1R21
protein abundance in patient-
derived fibroblasts compared
to controls. Coomassie staining
is shown to show equal protein
loading

Bulk tissue gene expression for PPP1R21 (ENSG00000162869.15)
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Among all upregulated proteins, the excitatory amino
acid transporter 1 (P43003; ninefold increase), the cer-
ebellar degeneration-related protein 2-like (Q86X02; sev-
enfold increase), the neuronal calcium sensor 1 (P62166;
fivefold increased), and sacsin (Q9NZJ4; 3.8-fold increase)
are particularly interesting, as they are directly related to
the neuronal system. Further upregulated proteins with
known roles in neuronal or neuromuscular function and
maintenance being include supervillin (SVIL; 095425),
hyccin (Q9BYI3), beta-1-synthropin (Q13884), neurabin-2
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(PPP1R9B; Q96SB3), and ataxin-10 (ATXN; Q9UBB4)
(Fig. 3B).

Concerning downregulated proteins, tropomyosin
alpha-1 chain (P09493; 25-fold decrease), filamin C
(Q14315; 2.5-fold decrease), and tropomyosin (P07951;
2.5-fold decrease) are notable. These proteins are crucial
for intracellular integrity and stability as well as for mus-
cle contraction, myogenesis, and maintenance of struc-
tural integrity of muscle fibers. Furthermore, tenascin-X
(P22105) and fibulin-5 (Q9UBXS5) show a 12.5-fold and
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Fig.3 Proteomic profiling on A
PPPIR2] patient fibroblasts.

A Volcano plot highlighting

statistically significant increased 124
proteins (green dots) as well
as decreased proteins (red
dots). B Box plots of selected
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on dysregulated proteins (left

panel) on diverse biological and

cellular processes (right panel).

This analysis was performed for
upregulated (upper panel) and
downregulated (lower panel)

proteins, respectively

Dysregulated proteins

a 6.6-fold downregulation, respectively. These proteins
are responsible for structural assembly and stability by
strengthening the binding between cells and with the
extracellular matrix. Furthermore, we observed a pro-
found decrease of proteins responsible for growth and
formation of neural structures such as neurite extension,
axon growth, and formation of neuronal circuits. These
proteins include CD166 (Q13740; 5.9-fold decrease),
glia-derived-nexin (P07093; fivefold decrease), and neu-
ropilinl (0O14786; 3.3-fold decrease) (Suppl. Tab. 1). All
functional and disease-related information were obtained
from “uniport” (Www.uniprot.org). The proteomic pro-
filing data have been deposited in the ProteomeXchange
Consortium via the PRIDE partner repository with the

PPPIR2T Control PPPIRZ1 ‘Control PPPIRZ1

PPP21R1 upregulated Terms

signaling
pathway

Affected cellular processes

dataset identifier PXD034993 and a list of all regulated
proteins can be found in the supplement (Suppl. Tab. 1).

Cellular Processes Influenced by Proteins with Increased
Abundance

Our proteomaps-based in silico analysis of cellular functions
influenced by upregulated proteins revealed an impact on
metabolic processes (including glycolysis and amino acid
metabolism), on signaling pathways (including RAS and
MAPK signaling), on RNA-processing (including splicing
and translation), and on endocytosis and protein clearance
(including proteasome). An impact on cell cycle and apop-
tosis is also indicated (Fig. 3C).
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Cellular Processes Influenced by Proteins with Decreased
Abundance

Our proteomaps-based in silico analysis of cellular func-
tions influenced by down-regulated proteins revealed an
impact on metabolic processes (including lipid, ster-
oid, and carbohydrate metabolism), on cytoskeleton, on
PI3K-AKT signaling as well as on ribosomal function
(Fig. 3C).

Proteasomal Activity in PPP1R21 Patient-Derived
Fibroblasts

The rationale to further focus on proteasome function in
the context of PPP1R210opathy is prompted by the fact that
impaired vesicular transport may cause protein accumula-
tion and aggregation with a concomitant loss of proteo-
stasis. This in turn often contributes to neurodegenerative
diseases, and the ubiquitin—proteasome system plays a
major role in protein degradation and proteostasis [21].
Indeed, our proteomic findings displayed an increase of
proteins belonging to the ubiquitin—proteasome system
(Suppl. Tab. 1) and thus proteasomal activity was ana-
lyzed in patient-derived and matched control fibroblasts.
A profound increase (fivefold) was observed in PPPIR21-
mutant cells compared to controls (Fig. 4A). MG132-
exposition of control fibroblasts resulted in inhibition of
proteasomal activity, and this effect was not observed in
patient-derived cells (Fig. 4A).

Presence of Protein Aggregates in PPP1R21
Patient-Derived Fibroblasts

Based on previous reports highlighting a role of PPP1R21 in
endosomal sorting processes and endosome maturation [4]
and the known role of endosomes in protein clearance [22]
as well as the increase of proteins involved in the ubiqui-
tin—proteasome system (see above), we studied the presence
of protein aggregates by electron microscopy. Our ultra-
structural studies revealed a statistically significant increase
of myelin-like bodies in cells lacking expression of func-
tional PPP1R21 compared to matched control fibroblasts
(Fig. 4B). To confirm our electron microscopic findings, we
next studied the presence of protein aggregates by immuno-
labeling of p62, a known protein aggregate marker. These
immunofluorescence-based studies revealed an increased
p62-immunoreactivity with protein enrichment within the
perinuclear region compared to control fibroblasts in which
p62 shows a dot-like distribution within the cytoplasm
(Fig. 4C). However, after treatment with MG132, no dif-
ferences were noticed between control and patient-derived
fibroblasts (Fig. 4C).
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Cellular Viability in PPP1R21 Patient-Derived
Fibroblasts

An MTT-assay was performed to investigate the effect
of loss of functional PPP1R21 on cellular fitness in pres-
ence and absence of the proteasome inhibitor MG132. Our
investigation revealed a mild reduction of cellular viability
mirrored by the metabolic state and membrane permeabil-
ity in patient-derived cells compared to matched controls
(Fig. 4D). However, the effect of inhibition of proteasomal
activity on cellular viability was more pronounced in cells
derived from the patient compared to controls. In line with
this observation, an increased cytotoxicity after MG132-
treatment was identified in patient-derived cells compared
to control fibroblasts (Fig. 4E).

Transcript Studies on RNA Extracted from PPP1R21
Patient-Derived Fibroblasts

Quantitative PCR studies of selected transcripts covering
transcripts encoding for proteins modulating the unfolded
protein response (major transducers: ATF6, IREI, and
PERK; direct related down-stream factors: ATF4, XBP1, and
EIF2A; indirect related down-stream factors: BiP (major ER-
chaperone) along with its co-chaperone GRP170 and further
UPR-modulated proteins CALR, CALU, CANX, EDEM1,
GRP94, PDIA2, PDIA3, and SEC63) and proteolysis (direct
modulators of autophagy: BAG3, BECNI, LAMPI, and LC3;
autophagy assisting chaperones: HSPAS and HSPBS; pro-
teasome factors: LMP7, PSMEI, and PSME?2) were per-
formed. These studies revealed a clear effect of MG132 on
expression levels of UPR-related genes in control fibroblasts,
shown by significant increased expression of multiple genes
after treatment (Fig. 5A, e.g., ATF6, EIF2 or GRP94, CALR,
and CALU). Additionally, we demonstrated that PPP1R21
patient fibroblasts showed a comparable expression level to
basal control level without treatment, except for BiP and
GRP170, which were significantly increased when compared
to basal control levels. Treatment with MG132 decreased
the expression of both transcripts of these two UPR factors,
while other markers showed elevated levels after treatment
(Fig. 5A,e.g.,ATF6, XBP1, PDIA3, or EDEM]). Activated
autophagy after blocking of the proteasome by MG132
treatment is indicated by statistically significant increased
expression of LC3 to similar extend in controls and patient-
derived cells as well as by comparable increase of BECLN
(not statistically significant in patient-derived cells). BAG3
is decreased in patient derived but not in control fibroblasts
after MG132 treatment. Proteasomal genes LMP7, PSMEI,
and PSME?2 were highly increased after treatment in control,
as well as patient fibroblasts but surprisingly not under basal
conditions in patient-derived cells (Fig. 5A).



Molecular Neurobiology (2023) 60:2602-2618

2611

RFU
[350/440nm]

10—0—0—"0—"0—"0—0—"10—"0—70—790
T 1 L UL T T 1 1
T1 T2 T3 T4 TS5 T6 T7 T8 T9 T10 T11

- PPP1R21 patient w/o MG132 -O- Control w/o MG132
- PPP1R21 patient + MG132 -@- Control + MG132

number of Myelin like bodies

c Control 1 Control 2
©
1%}
[5°]
) - -
o~
™
-
O
=
<0.0001 o
D E 40
0.25 [ Basal
/= +MG132 -
0.20 2 30
Q= O
o E C — _
E S 0.154 3 X 20
~ -
G © °
20 0.10 <
<9 O 104
0.05-
0.00- 0 T
& o >
& & & &
¢ 'LNQ [¢) N
a 12
N &
< N
& QQQ

Fig.4 Cellular studies on the functional and microscopic level. A
Investigation of proteasomal activity shows a five-fold increase of
proteasomal function in PPPIR2] patient-derived fibroblasts com-
pared to pooled controls under basal conditions. After treatment with
MG132 (10 upM for 16 h), control cells do not show proteasomal
activity whereas there is no effect of treatment in fibroblasts lacking
PPPIR21. B Ultrastructural analysis of cultured fibroblasts; only sin-
gle myelin figures are present in the cytoplasm of control fibroblast
as exemplified in the patient-derived (upper panel) and control cells
(lower panel). In comparison to two controls analyzed, in PPPIR21-
mutant fibroblast number of myelin-like bodies is increased as shown
by counting respective numbers presented in the box plots (right
panel). C Immunofluorescence studies on PPPIR21 patient derived

and control fibroblasts showed increase of p62 in the perinuclear
region in patient derived but not in control cells under basal condi-
tions (white arrows). After treatment of cells with MG132, increase
of p62-immunoreactivity is detectable at similar level in fibroblasts
derived from controls and the PPPIR2] patient. Scale bars: 20 pm.
D Studies of cellular fitness by MTT-assay revealed mild reduction
of cellular viability mirrored by the metabolic state and membrane
permeability in patient-derived cells compared to matched controls.
The impact of inhibition of proteasomal activity on cellular viability
by MG132 treatment was more pronounced in patient-derived cells
compared to controls. E A more pronounced increase of cytotoxicity
after MG132-treatment is present in patient-derived cells compared to
control fibroblasts
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Fig.5 Transcript and immunoblot studies. A Quantitative PCR stud-
ies of selected transcripts for UPR-modulators (ATF4, ATF6, BiP,
CALR, CALU, CANX, EDEMI, EIF2A, GRP94, GRPI170, IREI,
PDIA3, PERK, and XBPI) and proteolysis (BAG3, BECNI, HSPAS,
HSPBS, LAMPI, LC3, LMP7, PSMEI, and PSME?) revealed a clear
effect of MG132 on expression levels of UPR-related genes in con-
trol fibroblast. Furthermore, PPP1R21 patient and control fibroblasts
present with comparable expression level under basal control expres-
sion, with exception of BiP and GRPI70. Treatment with MG132
decreased the expression of both UPR-modulators, while other mark-
ers showed elevated expression. PERK, XBP1, and GRP94 only show
increase upon MG132 treatment in control but not patient-derived
fibroblasts. Among autophagy modulating factors, BECLN, LC3,
and HSPBS as well as the transcripts LMP7, PSME1, and PSME2

Immunoblot Studies on Protein Extracts of PPP1R21
Patient-Derived Fibroblasts

To verify our proteomic findings and to further focus on
the impact of an activated protein clearance machinery and
on the dysregulation of cytoskeletal proteins, immunoblot
studies were carried out on whole protein extracts of fibro-
blasts derived from our PPPIR2] patient as well as from
two matching pooled controls (basal conditions and after
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HSPA8 HSPBS8

LMP7 PSME1 PSME2

encoding for proteasomal proteins were increased upon MG132
treatment in both, patient derived and control fibroblasts. None
of the autophagy modulating factors or proteasomal protein show
an increase under basal conditions in patient-derived fibroblasts.
B Immunoblot studies (including quantification) focusing on pro-
teins belonging to cytoskeleton (alpha-tubulin, vimentin, and actin),
KPNBI1 as being identified to be dysregulated by proteomic profil-
ing, and such involved in protein clearance (ubiquitin, CD63, and
LC3) confirmed affection of cytoskeleton and protein degradation in
fibroblasts lacking expression of PPP1R21 and moreover show altera-
tions of these processes in cells treated with MG132 by the detection
of increase of vimentin, actin, and ubiquitin and reduced conversion
from LC3-I to LC3-1I

MG132-treatment). This showed lower level of total ubig-
uitinated proteins under basal conditions in whole proteins
extracts of fibroblasts derived from controls compared to the
index patient, a finding which accords with the increased
proteasomal activity in patient cells. After MG132-treat-
ment, level of total ubiquitinated proteins is increased in
both, patient-derived and control fibroblasts (Fig. 5B). Under
basal conditions, LC3-I and CD63 level are lower in patient-
derived fibroblasts. Moreover, less conversion of LC3-I to
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LC3-II is observed after MG132 treatment in patient-derived
fibroblasts compared to pooled controls (Fig. 5B). Focusing
on cytoskeletal proteins, vimentin and actin are increased
in patient-derived fibroblasts under basal conditions as well
as after treatment with MG132 compared to pooled control
cells (Fig. 5B). In contrast, alpha-tubulin shows decreased
level under basal conditions but not after MG132-treatment
in patient-derived fibroblasts compared to controls (Fig. 5B).
In line with our proteomic findings, KBNP1 is decreased in
PPPIR21-mutant fibroblasts under basal conditions, but no
differences were noticed between patient-derived and control
fibroblasts after MG132-treatment (Fig. 5B).

Actin Cytoskeleton Rearrangement in PPP1R21
Patient-Derived Fibroblasts Treated with MG132

Prompted by our proteomic findings showing an impact of
loss of functional PPP1R21 on the abundance of cytoskeletal
proteins, FITC-phalloidin staining was carried out on control
and patient-derived fibroblasts under basal conditions and
after MG132-treatment to study actin-architecture. Calcula-
tion of the coherency orientation index (COI) in 18 control
fibroblasts under basal conditions revealed an index com-
parable to the ones in patient-derived fibroblasts (0.516 and
0.561). After treatment of cells with MG132, no particular
change was noticed in the control fibroblasts (0.516 versus
0.496) whereas in patient-derived cells, a slight increase was
detected (0.561 versus 0.651). MG132-treated PPPIR21
patient-derived fibroblasts show a significantly increased
COI compared with MG132-treated control fibroblasts
(0.651 versus 0.496), indicating impaired actin remodeling
in PPPIR2]-mutant fibroblasts (Fig. 6A). Given that filopo-
dia represent thin, actin-rich plasma-membrane protrusions
that function as antennae for cells, we also studied these
cellular structures by confocal imaging. Indeed, these micro-
scopic studies revealed a significant increase in filopodia
number per cell after MG132-treatment in the healthy con-
trol fibroblasts and the same trend in the PPPIR2] patient-
derived fibroblasts. Moreover, in both, fibroblasts derived
from healthy controls and the PPPIR21 patient, MG132-
treatment tends to increase the branching and length of filo-
podia. Furthermore, MG132-treament results in a notable
difference in filopodia length between the healthy control
fibroblasts and the fibroblasts derived from the PPPIR21
patient (Fig. 6B).

Discussion
Here, we report on the first PPPIR2] patient, harboring

a homozygous splice variant (c.748-3A > G), providing
associated phenotypical data and clinical comparisons with
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previously reported PPPIR2] patients. We also describe
novel pathophysiological insights driven by the findings of
our proteomic profiling on patient-derived fibroblasts.

The phosphatase 1 regulatory subunit 21 protein is
encoded by the PPPIR21 gene (OMIM*618,159) and
belongs to a family of coiled-coil domain containing pro-
teins, an evolutionarily conserved class of proteins with
important roles in several developmental processes. Over
the last three years, homozygous variants in PPPIR21 have
been described in 11 patients, most of them sharing devel-
opmental delay/intellectual disability, hypotonia, distinc-
tive facial features, and brain anomalies [7]. In consistency
with the previous reports [4—8], our patient showed a broad
spectrum of clinical signs. He presented with respiratory
distress shortly after birth (8/11), hypotonia (10/11), distinct
developmental delay, and ID (9/11), including absent speech
at the age of six. He showed some of the dysmorphisms
described previously, e.g., coarse features (8/11), very
low set ears (7/11), skull asymmetry (4/11), long philtrum
(2/11), and a small nasal bridge (5/11). Additional signs
were strabismus (5/11) and cryptorchidism (2/11). Other
frequent signs like feeding problems (8/11), cardiac abnor-
malities (5/11), or scoliosis (5/11) were not present in our
patient. CNS anomalies, e.g., thin corpus callosum (6/11),
cerebellar vermis hypoplasia (5/11), or reduced white mat-
ter (5/11) were not identified in our patient. However, an
initial MRI showed small bleeding foci in the right central
region and the follow-up showed a moderate PVL. Overall,
the clinical presentation of our patient is milder than the
patients described so far.

In line with the known functions of PP1 as an important
serine/threonine phosphatase essential for glycogen metabo-
lism [2], altered sugar metabolism is indicated in our in vitro
model lacking expression of functional PPP1R21 (see pro-
teomic findings). In addition, a role of PP1 in protein syn-
thesis is known [23] and results of our proteomic profiling
on patient-derived fibroblasts indicate an impact on protein
production on the RNA level. Notably, PP1 is known to
be expressed during the development in different neuronal
cytoskeletal compartments [3] and also known to play a role
in muscle contractility despite many other processes. Proper
cytoskeleton is crucial for neuronal plasticity and function
as well as vesicular transport processes. Altered vesicular
transport was recently linked to the pathophysiology based
on loss of functional PPP1R21 [4].

Prompted by our proteomic findings indicative for acti-
vation of the ubiquitin—proteasome system, functional,
transcriptional, and immunoblot studies were performed
to investigate proteolysis in PPPIR2]-mutant and control
fibroblasts. These studies revealed a pronounced activation
of the proteasome, as a multi-catalytic protease that degrades
cellular proteins, even under treatment with MG132 in
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Fig. 6 Studies of actin A
cytoskeleton. A Actin fila-
ments (Phalloidin, green) and
nuclei (DAPI, blue) of control
and PPP1R21 patient-derived
fibroblasts are visualized via
confocal laser scanning micros-
copy. MG132 treated fibroblasts
of control patients exhibit
longer and more branched
filopodia (white arrows) than
PPP1R21 patient fibroblasts.
Scale bars: 20 um. Circular
color map coding displays the
local actin filament orienta-
tion of the basal and MG132
treated fibroblasts derived from
controls and the PPP1R21
patient, respectively. The color
gradient indicates the spatial
orientation of the actin fibers
from —90° to+90°. MG132
treatment induced a significant
increase in the cytoskeletal
coherency of PPP1R21 patient
fibroblasts compared to stimu-
lated controls. B Microscopic
studies of fibroblast filopodia
(illustrated in green) revealed B
an effect of MG132 exposure in
terms of an increase of filopodia
formation per cell in both,
control- and patient-derived
cells. Branches and length per
filopodia are (slightly) reduced
in patient-derived cells and.
Mean filopodia length increased
upon MG132 treatment only in
control fibroblasts. Scale bars in
overview images =20 um, scale
bars in magnification=10 pm
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autophagy-related protein clearance) under basal conditions.
Along this line, activation of the proteasome might reflect
a cellular defense mechanism antagonizing the (massive)
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cytotoxic build-up of protein aggregates which have been
identified with increased abundance in patient-derived fibro-
blasts by electron microscopy and immunofluorescence
studies of p62. Hence, the co-occurrence of considerable
elevated proteasomal activity and protein aggregates in
fibroblasts of the PPP1R21-patient under basal conditions
most likely correlates in terms of a cellular attempt to elevate
protein clearance capacity to facilitate break-down of protein
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aggregates. Hereby, results of our combined transcript and
proteomic studies indicate that activation of the proteasome
in patient-derived fibroblasts is not related to an increased
expression of proteasomal proteins (transcript level remain
unchanged) and that their increased abundance might rather
arise from altered protein stability toward forced proteaso-
mal-based protein clearance. Results of our transcript studies
revealed increased level of BiP and GRP170 encoding for
a crucial chaperone system known to function as an analo-
gous protein-disaggregation system activated under stress
conditions in terms of a proteostasis-restorative ER-stress
response [24]. Chaperone-assisted protein-disaggregation
under basal conditions is moreover suggested by increase of
HSPBS. However, further proteomic data are not indicative
for a broad activation of the ER-stress response, thus con-
firming the concept of protein aggregation arising beyond
the protein production (within the ER). The UPS serves as
the major protein quality control system in the eukaryotic
cells, responsible for approximately 80-90% of the cellu-
lar protein degradation [25]. This prompted us to further
elucidate the impact of this protein clearance machinery in
der underlying pathophysiology. For that purpose, we used
MG132, one of the most widely used proteasome inhibitors
in basic research. This inhibitor binds to the 5 p1 and p2
subunits of the 20S proteasome [26]. Interestingly, results
of our studies on MG132-treated control and patient-derived
fibroblasts showed an inhibitory effect only in control cells.
One might speculate that this might reflect an activation of
proteasomal activity in proteasomal subunits or regulators
beyond those targeted by MG132 (for instance, ECM29,
PSMF, PA28af, PA28y, and PA200 complexes [27]) in
PPP1R21opathy. The proteomic signature of fibroblasts
derived from our PPP1R21-patient shows a dysregulation
of several proteins supporting the assumption of a direct
impact of loss of functional PPP1R21 on physiological pro-
teasome function. These proteins include the proteasome
assembly chaperones 2 and 4, the proteasome activator acti-
vator complex subunit 2, the 26S proteasome non-ATPase
regulatory subunits 7 and 10, and the E3 ubiquitin-protein
ligase HECTD3, an enzyme implicated in the ubiquitylation
of a variety of proteasomal subunits as a post-translational
modification having a positive impact in proteasome activity
[28]. Further functional studies utilizing inhibitors targeting
these subunits or particular regulating proteins are needed
to proof the assumption of a (direct) impact of PPP1R21
abundance on physiological proteasome function.

Notably, our MTT-assay revealed decreased cellular
proliferation, an observation in agreement with the known
function of PP1 in cell cycle regulation, accompanied with
increased cellular toxicity burden. Moreover, a crosstalk
between proteasome-mediated protein degradation and
cytoskeleton has been described in the context of differ-
ent studies [29] including those focusing on motoneuron
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differentiation [30]. Our proteomic findings and immunoblot
data also indicate a direct impact of the loss of functional
PPP1R21 on cytoskeleton in fibroblasts by the dysregulation
of various proteins playing crucial roles in proper cytoskel-
eton. Although no alteration of actin-cytoskeleton-architec-
ture was noticed by comparing immunofluorescence findings
of control and patient-derived cells under basal conditions,
we observed altered orientation (increase of the coherency
orientation index) of actin bundles and altered formation
of filopodia in patient-derived fibroblasts treated with
MG132, a known inhibitor of the proteasome and activator
of autophagy (as shown by our immunoblot findings) com-
pared to treated control cells. In this context, although LC3
transcript level is increased, our immunoblot studies showed
a reduced conversion of LC3-I to LC3-II in patient-derived
cells treated with MG132 thus suggesting a partial impair-
ment of autophagy-activation. This finding is supported
by decrease of BAG3 in patient derived but not in control
fibroblasts after MG132 treatment. Hence, our combined
data suggest an impact of the activated protein clearance
machinery on proper cytoskeleton which might impact on
the regular transport of vesicles. However, further functional
studies are needed to precisely decipher this molecular inter-
play in the context of PPP1R21 etiopathology.

Apart from indicating an activation of the ubiqui-
tin—proteasome system, our proteomic study unraveled
the dysregulation of various proteins known to play essen-
tial roles along the neuromuscular axis such as ataxin-10
and sacsin (SACS), both are linked to the manifestation
of ataxia and cerebellar integrity. As mentioned above,
our patient did not present with cerebellar abnormali-
ties as observed in other PPP1R2]-patients. Given that
expression level of sacsin was already linked to proper
cytoskeleton and proteolysis [31], one might speculate
that increased abundance in PPPIR2]-mutant fibroblasts
reflects the activation of cellular mechanisms to antago-
nize pathophysiological cascades initiated by the loss of
functional PPP1R21. Increased abundance of supervillin
might reflect the same hypothesis as loss of expression
of functional supervillin was linked to the manifestation
of myopathy characterized by myofibrillar disorganiza-
tion and build-up of protein aggregates. Another interest-
ing candidate in this context is neurabin-2: this protein
also belongs to the PPP1R-protein family (PPP1R9B),
modulates excitatory synaptic transmission and dendritic
spine morphology, and operates in cross-lining of F-actin
[32]. However, further functional studies (on neurons)
are needed to molecularly dissect the impact of the indi-
vidual proteins as protecting factors or modifiers in the
etiopathology of PPP1R21 deficiency. Along this line,
proteomic profiling also unraveled the dysregulation of
various proteins involved in metabolic processes. Thus,
it is very likely that altered metabolism also contributes
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of the biochemical etiology of PPP1R21opathy in terms
of a multi-pathophysiological incident.

Although this study highlights the power of proteomics
as an emerging tool for analysis of consequences of genetic
variants even in individual patients suffering from nano-
rare diseases, confirmational studies on fibroblasts derived
from further PPP1R2I-patients are needed to generalize our
findings and the related conclusions. Moreover, confirma-
tional studies on cellular populations clearly vulnerable in
PPP1R21opathy such as neurons are crucial to investigate
the role of the neuronal relevant proteins in the molecular
etiology of the disease. Organoids or animal models would
be needed for this purpose. Further studies on other per-
turbed cellular processes such as metabolism are needed to
address the overall pathophysiology of PPP1R21opathy.

Conclusions

In conclusion, our study extended the molecular genetic
spectrum of PPP1R21opathy by describing the first splice
variant leading to loss of protein expression and hereby
described a patient presenting with a milder phenotype of
NEDHFBA. Proteomic studies unraveled a dysregulation
of various proteins playing crucial roles in proper function
of the neuromuscular axis and increase of a variety of such
might reflect the activation of cellular defense mechanisms.
Our combined biochemical, microscopic, and cell biologi-
cal investigations revealed increased presence of protein
aggregates along with elevated cytotoxicity and activation
of ubiquitin—proteasome system as well as altered cytoskel-
eton, a molecular crosstalk already described in the con-
text of other diseases [29]. Latter one is also influenced by
modulation of proteolysis and provides new insights into
the pathophysiology of PPP1R21opathy. Finally, our data
confirm the concept that human fibroblasts may serve as a
suitable in vitro model to study the molecular etiology of
rare neurological diseases [30].
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