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Abstract

Context: Most of the knowledge on the factors involved in human sexual development stems from studies of rare cases 
with disorders of sex development. Here, we have described a novel 46, XY complete gonadal dysgenesis syndrome 
caused by homozygous variants in PPP2R3C gene. This gene encodes B″gamma regulatory subunit of the protein 
phosphatase 2A (PP2A), which is a serine/threonine phosphatase involved in the phospho-regulation processes of 
most mammalian cell types. PPP2R3C gene is most abundantly expressed in testis in humans, while its function was 
hitherto unknown.
Patients and methods: Four girls from four unrelated families with 46, XY complete gonadal dysgenesis were studied 
using exome or Sanger sequencing of PPP2R3C gene. In total, four patients and their heterozygous parents were 
investigated for clinical, laboratory, immunohistochemical and molecular characteristics.
Results: We have identified three different homozygous PPP2R3C variants, c.308T>C (p.L103P), c.578T>C (p.L193S) 
and c.1049T>C (p.F350S), in four girls with 46, XY complete gonadal dysgenesis. Patients also manifested a unique 
syndrome of extragonadal anomalies, including typical facial gestalt, low birth weight, myopathy, rod and cone 
dystrophy, anal atresia, omphalocele, sensorineural hearing loss, dry and scaly skin, skeletal abnormalities, renal 
agenesis and neuromotor delay. We have shown a decreased SOX9-Phospho protein expression in the dysgenetic 
gonads of the patients with homozygous PPP2R3C variants suggesting impaired SOX9 signaling in the pathogenesis of 
gonadal dysgenesis. Heterozygous males presented with abnormal sperm morphology and impaired fertility.
Conclusion: Our findings suggest that PPP2R3C protein is involved in the ontogeny of multiple organs, especially critical 
for testis development and spermatogenesis. PPPR3C provides insight into pathophysiology, as well as emerging as a 
potential therapeutic target for male infertility.
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Introduction

Human sex development is an active molecular signaling 
cascade that orchestrates the interaction of agonistic 
and antagonistic effectors at a sufficient dosage and in a 
delicate spatiotemporal order, beginning around the sixth 
gestational week (1). This pathway transforms an initially 
bipotential gonad into an ovary or a testis. Disorders of 
sex development (DSD) result from the disruption of 
these processes, often due to genetic mutations in the key 
molecules within these pathways, which subsequently 
alter developmental programming and sex hormone 
production and cause atypical development of internal 
and external genital structures. This group of congenital 
conditions are generally associated with impaired process 
of reproduction and consequently with infertility. Most of 
the knowledge on the factors involved in human sexual 
development stems from studies of rare cases with DSD. 
The identification of a genetic diagnosis for DSDs promises 
to further our understanding of human development 
and reproduction, improves personalized management 
particularly about sex or rearing, time and type of 
genital surgeries, hormone treatments, interventions 
for reproduction, genetic counseling and better predicts 
patient outcomes for a lifelong care (2). New genetic and 
genomic technologies such as array-comparative genomic 
hybridization (aCGH) and whole-exome sequencing 
revealed new causes of DSD and expanded our knowledge 
in the molecular mechanisms underlying gonadal 
development. However, the genetic etiology remains 
unidentified in the majority of DSD cases (3, 4).

Here, we identify three different homozygous missense 
variants in the gene encoding protein phosphatase two 
regulatory subunit B″gamma, PPP2R3C (synonyms; 
C14orf10, FLJ20644, G4-1, G5PR) as the cause of a novel 
syndromic 46, XY gonadal dysgenesis in four females 
from four independent consanguineous families. Human 
PPP2R3C is located in Chr. 14q13.2 (OMIM: 615902; 
Genomic coordinates (GRCh38): 14:35, 085, 466-35, 122, 
661), which has 13 exons encoding a 453 amino acid protein. 
Together with scaffolding A and catalytic C subunits, 
PPP2R3C regulatory subunit protein (type B″) constitutes a 
heterotrimeric protein phosphatase 2A (PP2A) which is an 
important intracellular signaling molecule involved in the 
reversible dephosphorylation of phospho-proteins within 
a mutual relation with protein kinases. In humans, there 
are 16 regulatory B subunits including PPP2R3C, which 
were allocated in the diverse cellular processes (5). The only 
known in vivo function of PPP2R3C gene comes from the 

homozygous conditional and targeted knockout mice for 
this gene, which exhibit impaired survival of B lymphocytes 
and increased B lymphocyte receptor-induced apoptosis 
(6, 7). However, germline genetic defects in PPP2R3C in 
humans is of unknown functional significance. This report 
gives the first insights about the pivotal role of PPP2R3C on 
human development.

Subjects and methods

Clinical studies

All clinical investigations and genetic analyses were 
performed according to the guidelines of the Declaration 
of Helsinki and with written consent of the families. 
The Ethical Committee of Marmara University, Istanbul, 
Turkey approved the study (09.2017.471).

Four female patients from four independent 
consanguineous families were evaluated for a syndromic 
46, XY gonadal dysgenesis with common syndromic 
features at different times between 2012-2018. Detailed 
clinical, laboratory and molecular characteristics of the 
patients and families are described.

Whole-exome sequencing (WES)

Genomic DNA was extracted from peripheral blood using 
MagnaPure X blood extraction kit according to standard 
protocols (Roche Diagnostics). WES was performed 
for the Patients 1 and 2 using Nextera Rapid Capture 
Enrichment (Illumina) kit. For each subject, 50 ng of 
genomic DNA were used to prepare a captured library 
that was then sequenced on a NextSeq500 platform 
(Illumina) generating 150 bp paired-end reads. Raw data 
of approximately 10 GB per exome were mapped to a 
human reference genome sequence (GRCh37/hg19) using 
the Burrows–Wheeler Alignment (BWA) tool (8). Variant 
calling was performed using the Genome Analysis Toolkit 
(GATK) (9). All variants were further annotated with 
ANNOVAR software (10).

Variant frequency was evaluated with public databases 
such as Exome Aggregation Consortium (ExAC), 1000 
Genomes Project and GnomAD (11). For functional 
prediction of single-nucleotide variants (SNVs) SIFT (12), 
PolyPhen-2 (13) and MutationTaster (14) databases were 
used. Since we observed a new phenotype, therefore, 
expect a novel gene, candidate genes were evaluated on 
the basis of OMIM, Uniprot, Genecards, NCBI databases.
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Sanger sequencing

All the coding exons and intron–exon boundaries of 
the PPP2R3C gene were amplified by PCR. Primers 
were designed using Primer3 software (http://www.
bioinformatics.nl/cgi-bin/primer3plus/primer3plus.
cgi). Primer sequences were as follows: PPP2R3C_E4_1F: 
5′-CAGCCCTGCTATATGACTTTAGGCA-3′, PPP2R3C_
E4_2R: 5′-CTTACTTGCACTTTGCTCCAGCCT-3′, PPP2 
R3C_E4_3F: 5′-TCTGCCAACAAACTCTCATTTTAGTG-3′, 
PPP2R3C_E7_1F: 5′-TGCATCTGTTACCTTTGGGAAGC-3′, 
PPP2R3C_E7_2R: 5′-AGAACTTCCTAACTGCTGTACAA 
ACAT-3′, PPP2R3C_E7_3F: 5′-CCACTAAAATAGTCA 
TGCATTTATTTCT-3′, PPP2R3C_E7_4R: 5′-CAGACCAT 
CTAATTGTGGCAACG-3′, PPP2R3C_E11_1F: 5′-CCACC 
TTTGATTGCAAAATAGCTTC-3′, PPP2R3C_E11_2R: 5′-CA 
GGATGGTCTCTATCTCCTGACCT-3′, PPP2R3C_E11_3F: 
5′-TCAACTAAGGCCTCTAATGAACAT-3′, PPP2R3C_E11_ 
4R: 5′-CTCCCAAAGTGCTGGGATTACA-3′.

The reaction mixture contained 100 ng DNA template, 
1× PCR buffer, 200 μM each dNTP, 200 nM each primer, 
and 1 U Taq DNA polymerase (Thermo Scientific). Cycling 
conditions were as follows: 95°C for 5 min (1 cycle); 95°C 
for 30 s, 55°C for 45 s and 72°C for 60 s (34 cycles) and 72°C 
for 10 min. PCR products were visualized on 1% agarose 
gel and were purified using the ExoSAP-IT (GE Healthcare 
Bio-Sciences), following the manufacturer’s protocol. 
Sequence reactions were run on an ABI Prism 3130xl DNA 
Sequencer and analyzed by Seqscape sequencing analysis 
software, version 2.7 (Applied Biosystems).

Quantitative PCR (qPCR)

Total RNA was extracted from peripheral blood using 
the PureLink RNA purification kit (Thermo Fisher) and 
reversely transcribed using iScript cDNA synthesis kit, 
according to manufacturers' instructions. The sequences 
for qPCR primers were as follows: PPP2R3C_E4_3F: 
5′-TCTGCCAACAAACTCTCATTTTAGTG-3′, PPP2R3C_
E4_2R: 5′-CTTACTTGCACTTTGCTCCAGCCT-3′, PPP2 
R3C_E7_3F: 5′-CCACTAAAATAGTCATGCATTTATTTCT-3′, 
PPP2R3C_E7_4R: 5′-CAGACCATCTAATTGTGGCAA 
CG-3′, PPP2R3C_E11_3F: 5′-TCAACTAAGGCCTCTAAT 
GAACAT-3′, PPP2R3C_E11_4R: 5′-CTCCCAAAGTGCTG 
GGATTACA-3′; GAPDH_F: 5′-GAGTCAACGGATTT 
GGTCGT-3′, GAPDH_R: 5′-TTGATTTTGGAGGGAT 
CTCG-3′. The qPCR reactions were performed with the 
power SYBR green PCR Master Mix (BioRad) and run on 
a Rotor-Gene Q Real-Time System (Qiagen). Expression 

levels were calculated using the ΔΔCt method relative to 
the GAPDH control gene.

Protein modeling

Three-dimensional models for the full PPP2R3C protein 
and three coding mutants (p.Pro103, p.Ser193 and 
p.Ser350) were created based on multiple-threading 
alignments by Local Meta-Threading-Server (LOMET) 
using in silico tool, I-TASSER (http://zhanglab.ccmb.med.
umich.edu/I-TASSER). I-Tasser builds five predictions with 
individual confidence scores estimating the quality of the 
models based upon the capacity of the threading template 
alignments and the convergence parameters of the 
structure assembly simulations. Typically, the confidence 
score of 3D models in this system ranges between −5 and 
+2, where the higher value signifies greater confidence. 
Alterations of the solvent accessibility were observed, 
3D models are visualized at PyMol viewer and secondary 
structures were investigated.

Histopathology and immunohistochemistry

The paraffin blocks of the gonadal tissues were cut at 2 µ 
thick sections, one slide was stained with hematoxylin-
eosin (H&E) for histomorphological evaluation. The 
sections of immunohistochemical procedure were 
incubated at 60°C for 1 h on the adhesive slides. All the 
slides were stained in Ventana Medical System-Benchmark 
Ultra/ISHTR staining machine and ultraView Universal 
DAB Detection Kit (RocheTR) was applied. Antigen retrieval 
was performed with EDTA for inhibin (LeicaTR), PPP2R3C 
(Thermo fisherTR), SOX9-Phospho (AbbkineTR) and, with 
citrate for SOX9 (EpitomicsTR). The concentration of 
inhibin, PPP2R3C, SOX9 and SOX9-Phospho antibodies 
were 1/100. After primary antibody treatment, slides were 
stained in Harris Hematoksilen (VentanaTR) for 16 min 
to get background staining and, finally were washed in 
water, dehydrated in alcohol and mounted.

Sperm analysis and morphologic evaluation

Ejaculates were obtained from the fathers of the Patients 
1, 3 and 4. A routine density gradient method was used to 
evaluate the spermatozoa. The supernatant was removed 
and the pellet was diluted with spermatozoa-washing 
medium (SAGE, UK) and centrifuged. Then the pellet 
was diluted with sperm preparation medium (SAGE). Ten 
micrometers of pellet were used to observe the motility and 
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the number of spermatozoa in a Macler Counting Chamber 
(Sefi cut out Medical Instruments, Haifa, Israel) with a 
photomicroscope. Smears were prepared and stained with 
Diff-Quick kit (Medion Diagnostics, Grafelfing, Germany) 
for morphologic assessment. One hundred spermatozoa 
were scored for head, neck and tail morphology at 1000× 
magnification on a photomicroscope.

Evaluation of B lymphocyte viability, proliferation 
rate and apoptosis

For flow cytometric assessment of B lymphocyte viability 
and proliferation rate in a time-dependent manner, 
erythrocytes were first depleted by incubating 2 mL whole 
blood in 10 mL ammonium chloride lysis solution at 
room temperature for 20 min. Isolated mononuclear cells 
were cultured in RPMI 1640 medium (Sigma Aldrich) 
containing 10% fetal bovine serum (Gibco, Thermo 
Fisher Scientific), 1% glutamine (Gibco, Thermo Fisher 
Scientific) and 1% Penicillin-Streptomycin antibiotic 
solution (Thermo Fisher Scientific). Analyses were 
performed on three time points including arrival (hour 
0), 24th and 48th h. Cells were stained with CD19-PE 
antibody (Biolegend, USA), followed by either labeling 
with Annexin V-FITC (BioVision Inc) and propidium 
iodide (Thermo Fisher Scientific) or evaluating DNA 
content by DNA Prep Kit (Beckman Coulter). Samples of 
six age-matched healthy children (three males and three 
females) were used as control for comparing viability and 
apoptosis ratios. Samples were analyzed with Beckman 
Coulter FC500 flow cytometry. Overall, 50  000 events 
for Annexin V/PI staining and 100 000 events for DNA 
content analysis were counted. Analyses were performed 
with CXP software.

Statistics

Shapiro–Wilks test was used to determine whether the data 
are normally distributed. When comparing patient data 
according to timepoints, one-way ANOVA, followed by 
Tukey’s multiple comparisons test was used for parametric 
values, whereas Kruskal–Wallis followed by Dunn’s 
multiple comparisons test was used for non-parametric 
values. Two-way ANOVA, followed by Bonferroni’s 
multiple comparisons test, was used for comparing 
differences between patients and healthy controls. P 
values less than or equal to 0.05 were considered as 
significant. Data are presented as mean ± s.d. in all figure 
parts in which error bars are shown.

Results

Case reports

All four female patients were evaluated for 46, XY 
complete gonadal dysgenesis. They had a female external 
genitalia with hypoplastic labia majora and clitoris. 
All had a hypoplastic uterus seen in ultrasound or 
laparoscopy. In addition to complete gonadal dysgenesis, 
they shared unique dysmorphic features and major extra 
gonadal multisystem abnormalities (Fig. 1 and Table 1). In 
the common facial gestalt; all four patients had flat face, 
flat vertex, unusual scalp hair whorls, unruly scalp hair, 
frontal upsweep, arched and sparse eyebrows, bilateral 
epicanthal folds, thin lips, long and smooth philtrum and 
hypodontia. All had hypoplastic ala nasi and beaked nose. 
The oldest patient (patient 3) had an angulated nasal 
bridge, giving the ‘squashed down’ appearance, which 
may be due to nasal cartilage weakness. The patients had 
also low set and posteriorly rotated ears, overfolded helix, 
narrowed and elongated intertragic notch with or without 
sinus. The placement of sinus when present was just under 
the tip of the intertragal angle, which can be regarded as a 
pathognomonic finding of the syndrome (Supplementary 
Fig. 1, see section on supplementary data given at the end 
of this article). Short and broad hands, a horizontal single 
crease, cutaneous syndactyly (interphalangeal webbing) 
in hands were present in all patients (Supplementary 
Fig.  1). All patients had myopathy and significantly 
muscular build with thick and stiff muscles particularly 
in the neck (Supplementary Fig. 1). They had significantly 
delayed bone ages and some more skeletal abnormalities 
(Supplementary Fig.  1). Additionally, they had some 
common growth, skin, gastrointestinal, renal and 
cardiac abnormalities and neuromotor delay and mental 
retardation (Table  1). Further clinical characteristics of 
patients and their families were as follows:

Family 1

A four-month-old female (Patient 1) was referred to our 
clinic for 46, XY gonadal dysgenesis. History revealed 
that the pregnancy was achieved by in vitro fertilization 
(IVF) after 6 years of marriage and she was born as a twin 
sister to first-degree cousin parents at 30th gestation 
week with 1400 g birth weight (Fig.  1). Her 34-year-old, 
155.8 cm mother and 36-year-old, 171 cm father were not 
chronically exposed to medications, alcohol or cigarette. 
Patient 1 had several dysmorphic features and multisystem 
disorders noticed in 2-year clinical follow-up (Fig.  1B 
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and Table  1). Her karyotype was 46, XY with complete 
female external genitalia. Her hormonal evaluation 
was compatible with complete gonadal dysgenesis. Her 
adrenal functions were normal except some low/normal 

concentrations of adrenal sex steroids. She had high serum 
creatine kinase concentrations. Detailed gonadal and 
adrenal function tests and clinically significant laboratory 
test results are presented in Supplementary Table  1. At 

Figure 1
Pedigrees and clinical characteristics of patients with syndromic 46, XY gonadal dysgenesis. (A) Pedigrees of families 1–4 where all 
affected individuals manifested syndromic 46, XY complete gonadal dysgenesis, and were positive for mutations in PPP2R3C. Black 
symbols indicate individuals with syndromic 46, XY complete gonadal dysgenesis, gray symbols indicate those who had been 
stated to be infertile. All affected individuals were homozygous for the indicated variants (patients sequenced have been 
numbered from 1 to 4), and parents were heterozygous. Variants for patients 1 and 2 were identified by WES and the remainder 
by Sanger sequencing of PPP2R3C. The symbols with ‘?’ indicate suggestive clinical phenotype but no further biochemical or 
genetic data about that individual. (B) Phenotypic features of the patients with syndromic 46, XY gonadal dysgenesis due to 
homozygous variants in PPP2R3C. Pictures at each row belong to the respective patient numbered at upper left corner of each 
row. The characteristic facial gestalt includes flat face, flat vertex, unusual scalp hair whorls, unruly scalp hair, frontal upsweep, 
arched and sparse eyebrows, bilateral epicanthal folds, thin lips, hypoplastic ala nasi and beaked nose, long and smooth philtrum, 
hypodontia, posteriorly rotated and low set ears, overfolded helix, narrowed and elongated intertragic notch with or without a 
sinus under the tip of the intertragal angle common to all four patients. Muscular habitus with thick and stiff muscles, short and 
broad hands, a horizontal single palmar crease and interphalangeal webbing are apparent in each patient.
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Table 1 Clinical features of patients with syndromic 46, XY gonadal dysgenesis due to PPP2R3C gene variants.

Feature Patient 1 Patient 2 Patient 3 Patient 4

Karyotype 46, XY 46, XY 46, XY 46, XY
SRY + + + +
Gonadal 

phenotype
Complete gonadal 

dysgenesis
Complete gonadal 

dysgenesis
Complete gonadal 

dysgenesis
Complete gonadal 

dysgenesis
Genital phenotype Complete female with 

hypoplastic labium 
major. Uterus (+)

Complete female with 
hypoplastic labium 
major. Uterus (+)

Complete female with 
hypoplastic labium 
major. Primitive 
bicornate uterus (+)

Complete female with 
hypoplastic labium 
major. Uterus (+)

Gestational  
age/birth 
weight

30 gw/1400 gr Term/1750 gr Term/2800 gr Term/1900 gr

Facial 
dysmorphism

Flat face, flat vertex, 
unusual hair whorls, 
unruly scalp hair, frontal 
upsweep, arched and 
sparse eyebrows, narrow 
forehead with metopic 
ridge, bilateral epicanthal 
folds, thin lips, narrow 
mouth opening, 
hypoplastic ala nasi and 
beaked nose, mild 
“squashed down” 
appearance of nose, long 
and smooth philtrum, 
low set and posteriorly 
rotated ears, overfolded 
helix, narrowed and 
elongated intertragic 
notch with a sinus under 
the tip of the intertragal 
angle

Flat face, flat vertex, 
unusual hair whorls, 
unruly scalp hair, frontal 
upsweep, arched and 
sparse eyebrows, 
bilateral epicanthal folds, 
thin lips, narrow mouth 
opening, hypoplastic ala 
nasi and beaked nose, 
long and smooth 
philtrum, hypodontia, 
low set and posteriorly 
rotated ears, overfolded 
helix, narrowed and 
elongated intertragic 
notch with a sinus under 
the tip of the intertragal 
angle

Flat face, flat vertex, 
unusual hair whorls, 
unruly scalp hair, 
frontal upsweep, 
arched and sparse 
eyebrows, bilateral 
epicanthal folds, thin 
lips, narrow mouth 
opening, hypoplastic 
ala nasi and beaked 
nose, “squashed down” 
appearance of nose, 
long and smooth 
philtrum, hypodontia, 
low set and posteriorly 
rotated ears, 
overfolded helix, 
narrowed and 
elongated intertragic 
notch with a sinus 
under the tip of the 
intertragal angle

Flat face, flat vertex, 
unusual hair whorls, 
unruly scalp hair, 
frontal upsweep, 
arched and sparse 
eyebrows, narrow 
forehead with 
metopic ridge, 
bilateral epicanthal 
folds, thin lips, 
narrow mouth 
opening, hypoplastic 
ala nasi and beaked 
nose, long and 
smooth philtrum, 
low set and 
posteriorly rotated 
ears, overfolded 
helix, narrowed and 
elongated intertragic 
notch

Ocular Rod cone dystrophy, 
lacrimal puncta 
hypoplasia

Rod cone dystrophy, iris 
coloboma, lacrimal 
puncta hypoplasia

Rod cone dystrophy, 
lacrimal puncta 
hypoplasia

Rod cone dystrophy, 
lacrimal puncta 
hypoplasia

Hand Short, broad hands, a 
horizontal single crease, 
interphalangeal webbing

Short, broad hands, a 
horizontal single crease, 
interphalangeal webbing

Short, broad hands, a 
horizontal single 
crease, interphalangeal 
webbing

Short, broad hands, a 
horizontal single 
crease, 
interphalangeal 
webbing

Muscle system Severe myopathy, thick/stiff 
muscles, muscular 
habitus

Severe diffuse myopathy in 
electromyography, thick/
stiff muscles, muscular 
habitus

Severe diffuse myopathy 
in electromyography, 
thick/stiff muscles, 
muscular habitus

Severe myopathy, 
thick/stiff muscles, 
muscular habitus

Auditory Not available Sensorineural hearing loss Sensorineural hearing 
loss

Normal auditory brain 
response 
audiometry, acoustic 
immittance and 
distortion product 
otoacoustic 
emissions test

Skeletal system Delayed bone age, limited 
elbow extension

Delayed bone age, bifid 
distal phalanx of toe and 
thumb, limited elbow 
extension, short stature

Delayed bone age, hip 
dysplasia, scoliosis, 
pectus excavatum, 
narrow thorax, limited 
elbow extension

Delayed bone age, 
limited elbow 
extension

Cardiac defect None None None Bicuspit aorta, mild 
aortic stenosis

Skin Dry and scaly skin Dry and scaly skin Dry and scaly skin Dry and scaly skin 
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her last visit, she was 23/12 years of age, weighted 11.9 kg 
(3–10%), was 87.5 cm tall (50–75%) and had a 47.8 cm 
head circumference (3%). Her span was 7.5 cm less than 
her height (between −1 and −2 SDS) and her upper/lower 
ratio was 1.3 (normal for age is <1.23). Her dichorionic 
diamniotic twin sister survived 4 h postnatally and had 
multiple congenital anomalies including tetramicromelia, 
narrow thorax, brachycephaly, bilateral lagophthalmos, 
punctate corneal staining, severe systolic cardiac 
dysfunction and bilateral cystic encephalomalacia in 
cranial parietal lobes. Three more relative couples in 
the family were reported to be infertile and had healthy 
children after 6–12 years of their marriages by IVF. They 
were unavailable for further investigation. One paternal 
sibling of Patient 1 was said to have ‘no external genitalia’ 
to be described as male or female. This infant died at 
6 months of age due to an unknown etiology. The father 
of Patient 1 had 6 more deceased sibs before 1 year of age 
for unknown reasons, who were mostly stated as females.

Family 2

37/12  years old female (Patient 2) was referred to our 
clinic for 46, XY gonadal dysgenesis. She was born to 
consanguineous parents at term with 1750 g birth weight 
(Fig. 1A). Her 27-year-old, 153.5 cm mother and 31-year-
old, 174.2 cm father were well. Patient 2 had several 
dysmorphic features and multisystem disorders similar 
to Patient 1 noticed in 6.5-year clinical follow-up (Fig. 1B 
and Table  1). Her karyotype was 46, XY with complete 
female external genitalia. Her hormonal evaluation 
was compatible with complete gonadal dysgenesis. Her 
adrenal functions were normal. Detailed gonadal and 

adrenal function tests and clinically significant laboratory 
test results are presented in Supplementary Table 1. She 
had high serum creatine kinase concentrations and 
severe diffuse myopathy diagnosed by electromyography. 
She had operations for omphalocele in newborn period 
and gonadectomized at 42/12  years old. Histopathology 
of gonadectomy material revealed the only few clusters 
of Leydig cells and peripherally located Müllerian-like 
tubular structures in a loose connective tissue containing 
vessels and peripheral nerve bundles. At her last visit, 
she was 910/12 years of age, weighted 19.5 kg (<3%), was 
112.6 cm tall (<3%). Her span was 7.9 cm less than her 
height (<−2 SDS) and her upper/lower ratio was 0.96 
(between −1 and 0 SDS). Her bone age was 5 years. Her 
serum IGF1, IGFBP3 concentrations and growth hormone 
stimulation tests were normal. She had two healthy 
siblings and one sister who was deceased at prenatal 7th 
month for an unknown reason. Two more relative couples 
in the family were reported to be infertile and could not 
have children following several years of marriage. They 
were unavailable for further investigation. One 37-year-
old paternal female cousin did not develop any secondary 
sexual characteristics, did not have menstrual bleedings 
and never married. Her final height was around 142 cm. 
Facial gestalt of her was not similar to that of Patient 2. 
She had normal mental and motor functions. She was 
unavailable for clinical evaluation, karyotype or molecular 
analysis. One another relative in the family described as 
‘aunt’ never developed secondary sexual characteristics, 
did not have menstrual bleedings and never married. Her 
final height was around 140–145 cm. She highly resembled 
Patient 2 and died at 60 years of age. She was unavailable 
for further investigation.

Feature Patient 1 Patient 2 Patient 3 Patient 4

Gastrointestinal 
system

– Omphalocele Diastasis recti, accessory 
spleen

Anal atresia, pyloric 
stenosis, 
omphalocele

Urinary system – – Unilateral renal agenesis Unilateral renal 
agenesis

Neurocognitive 
function and 
cranial MRI 
findings

Neuromotor delay, plaques 
in bilateral ventricular 
ependyma and punctate 
calcifications in cranial 
MRI

Neuromotor delay, 
agenesis of corpus 
callosum in cranial MRI

Neuromotor delay Neuromotor delay

Genetic defect 
identified in 
PPP2R3C gene

p.Leu193Ser, p.L193S
c.578T>C
cDNA.932T>C
g.23138T>C (Homozygous) 

p.Phe350Ser, p.F350S
c.1049T>C
cDNA.1403T>C
g.31384T>C (Homozygous)

p.Leu103Pro, p.L103P
c.308T>C
cDNA.662T>C
g.12603T>C 

(Homozygous)

p.Phe350Ser, p.F350S
c.1049T>C
cDNA.1403T>C
g.31384T>C 

(Homozygous)

Table 1 Continued.
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Family 3

128/12 years old female (Patient 3) was referred to our clinic 
for 46, XY gonadal dysgenesis. She was born to first-degree 
cousin parents at term with 2800 g birth weight (Fig. 1A). 
Her 38-year-old, 150.1 cm mother and 39-year-old, 
175.5 cm father were well in general health. She had several 
common dysmorphic features and multisystem disorders 
similar to Patient 1 and Patient 2 noticed in 6.5 years of 
clinical follow-up (Fig.  1B and Table  1). Her karyotype 
was 46, XY with complete female external genitalia. Her 
hormonal evaluation was compatible with complete 
gonadal dysgenesis. Her adrenal functions were normal 
except some low/normal concentrations of adrenal sex 
steroids. Detailed gonadal and adrenal function tests and 
clinically significant laboratory test results are presented 
in Supplementary Table 1. She had high serum creatine 
kinase concentrations and severe diffuse myopathy 
diagnosed by electromyography. She was operated for 
developmental hip dysplasia at 3 years of age. There was 
no any gonad seen in laparoscopy at 138/12  years old. 
Estrogen replacement was commenced at 14  years of 
age. Breast development Tanner stage 2 was attained at 
14.5 years, pubic hair Tanner stage 2 was at 17.5 years and 
menarche was at 18 years. Her height SDS was between 
−2.5 and −3 SDS before estradiol therapy possibly due to 
significantly delayed bone age. At her last visit, she was 
192/12 years of age, weighted 48.4 kg (3-10%), was at a final 
height of 161 cm tall (25–50%). Her menstrual periods 
were regular under estrogen + progesterone replacement. 
She had sparse pubic hair but no axillary hair. Two more 
relatives in the family were reported to be infertile. They 
did not have secondary sexual characteristics. They 
married but could not have any children. They were 
unavailable for further investigation.

Family 4

A 5.5-month-old female (Patient 4) was referred to our 
clinic for 46, XY gonadal dysgenesis. She was born to first-
degree cousin parents at term with 1900 g birth weight 
(Fig. 1A). Her 25-year-old, 160 cm mother and 34-year-old, 
175 cm father were well in general health. She had several 
common dysmorphic features and multisystem disorders 
similar to Patients 1, 2 and 3 noticed in 1-year clinical 
follow-up (Fig. 1B and Table 1). Her karyotype was 46, XY 
with female external genitalia. Her hormonal evaluation 
was compatible with complete gonadal dysgenesis. Her 
adrenal functions were normal except some low/normal 
concentrations of adrenal sex steroids. She had high serum 

creatine kinase concentrations. Detailed gonadal and 
adrenal function tests and clinically significant laboratory 
test results are presented in Supplementary Table 1. She 
had operations for pyloric stenosis and omphalocele in the 
newborn period. She was gonadectomized at 12/12  years 
old. Histopathology of gonadectomy material revealed 
no Leydig cells but peripherally located Müllerian-like 
tubular structures in a loose connective tissue containing 
vessels and peripheral nerve bundles. At her last visit, she 
was 1 years of age, weighted 6.25 kg (<3%), was 67 cm tall 
(<3%) and had a 40.6 cm head circumference (<3%). Two 
more relative couples in the family were reported to be 
infertile and could not have children following several 
years of marriages. They were unavailable for further 
investigation.

Molecular characteristics

WES was carried out for Patient 1 and Patient 2 due to 
the similarity in phenotypic and clinical characteristics. 
Variants were subjected to filtering as shown in 
Supplementary Table  2. The variants were selected by 
the following strategy: (i) homozygous variants due to 
consanguinity; (ii) variants with a minor allele frequency 
less than 0.01; (iii) variants in the coding sequence, splice 
variants, indels or duplications and nonsynonymous 
changes; (iv) variants with a coverage of at least 20 reads; 
(v) variants not recorded as benign in ClinVar database; 
(vi) selecting pathogenic or disease-causing variants by 
all base conservation scores and functional prediction 
tools (SIFT, Polyphen, Mutation Taster) (12-14) (dbSNP, 
http://www.ncbi.nlm.nih.gov/SNP/, release 85; Exome 
Aggregation Consortium [ExAC], accessed March 2017). 
Finally, the candidate variants in an only common 
gene (chr14:35568586A>G and chr14:35560340A>G in 
PPP2R3C) were investigated for segregation with disease in 
the families 1 and 2 by Sanger sequencing. Both variants 
were shown homozygous in patients and heterozygous in 
parents. We have evaluated the WES data of Patient 1 and 
2 for all individual and shared homozygous, heterozygous 
and hemizygous variants of known testicular dysgenesis 
genes (SRY, SOX9, WT1, NR5A1, SOX8, GATA4, DHH, 
FGF9, NR0B1, FOG2, MAP3K1) as well as pathogenic or 
likely pathogenic variants in the other genes. None of 
the individual or shared variants were associated with 
pathogenicity. Moreover, we have also evaluated all 
other PPP2R3C variants in WES data of Patients 1 and 2 
for any other potentially pathogenic variants and could 
not find any other variant that can be associated with the 
phenotype.
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We subsequently identified homozygous variants 
in PPP2R3C in Patient 3 (c.308T>C; p.Leu103Pro) and 
Patient 4 (c.1049T>C; p.Phe350Ser) with a background 
of syndromic 46, XY DSD with similar phenotypic and 
clinical features using Sanger sequencing (Fig.  2A). In 
all cases, patients were homozygous for the change and 
parents were heterozygous. The c.1049T>C (p.F350S) 
variant seen in Patient 2 (family 2) was also identified 
in Patient 4 (family 4). Although there was no known 
relationship between these families, both families 
originated from the same city.

The variants identified in our patients were found 
neither in 200 ethnically matched in-house Turkish exomes 
and the Turkish whole-exome database nor in 20 in-house 
exomes from other Turkish 46, XY DSD patients. None 
of the variants were seen in either GnomAD, ExAC, 1000 
Genomes, 6500ESP or the Turkish in-house databases. 
PolyPhen-2 predicts c.578 T>C (p.Leu193Ser), c.1049 T>C 
(p.Phe350Ser) and c.308T>C (p.Leu103Pro) as probably 
damaging, with scores of 0.985, 0.997 and 0.914 respectively. 
SIFT predicts all three variants as deleterious with scores of 
0. Mutation Taster predicts all three variants to be disease 
causing. The PhyloP and PhastCons scores which are 4.719 
and 1 for c.578T>C; 5.201 and 1 for 1049T>C; 5.139 and 
1 for c.308T>C mutations show that these mutated regions 
are slowly evolving and conserved among species (Fig. 2B).

No detectable changes were identified in PPP2R3C 
mRNA expression levels derived from peripheral blood 
between the patients and healthy controls (P = 0.28) 
(Fig. 2C). This shows that the reported missense variants 
do not significantly alter the expression of the gene but the 
function. While PPP2R3C mRNA is ubiquitously expressed 
in human tissues, highest expression is shown in the testis 
and in various datasets including GTeX and HPA datasets 
(https://www.proteinatlas.org/ENSG00000092020-
PPP2R3C/tissue).

For protein modeling, among the five strongest 3D 
models created by LOMET server with highest confidence 
score are selected and used for analysis (Fig.  2D). The 
confidential score for wild and mutants in the helical 
structure is nine, and their predicted solvent accessibility 
is zero, implying that all were fully buried residues 
(Fig.  2E). The created models did not show critical 
differences between the alpha structures. Our I-Tasser 
models predicted pSer350 alteration of the nonpolar 
residue phenylalanine to the hydroxyl group residue 
serine in the EF-hand domain would alter the tertiary 
structure of calcium-binding site. The EF-hand is a helix-
loop-helix calcium-binding motif in which two helices 
pack together at and are separated by a loop region where 

calcium actually binds. That novel coding variant may be 
important in protein spatial interactions while presenting 
enzymatic activities.

PPP2R3C, SOX9 and SOX9-Phospho protein 
expression in normal fetal and adult testicular 
tissue and in the gonads from the patients with 
homozygous PPP2R3C variants

The gonadectomy materials from Patient 2 (at 42/12 years 
old) and Patient 4 (at 12/12  years old) were evaluated 
for histopathology and for the expression of PPP2R3C, 
SOX9 and SOX-Phosho proteins (Fig. 3A1–5 and 3B1–5).  
The control tissues were selected from a normal fetal 
testis obtained from an abortion at 18–19  weeks of 
gestation (Fig. 3C1–5) and a normal adult testis obtained 
from a 82-year-old man operated for prostate cancer 
(Fig. 3D1–5). H&E staining revealed normal Leydig cells 
and seminiferous tubular structures in the control fetal 
(Fig. 3C1) and adult testis (Fig. 3D1), and the gonadal biopsy 
of Patient 2 revealed only few clusters of Leydig cells and 
peripherally located Müllerian-like tubular structures in a 
loose connective tissue containing vessels and peripheral 
nerve bundles (Fig. 3A1 and A2). The gonadal biopsy of 
Patient 4 revealed no Leydig cells but peripherally located 
Müllerian-like tubular structures in a loose connective 
tissue containing vessels and peripheral nerve bundles 
(Fig. 3B1 and B2). Inhibin immunohistochemical staining 
indicates Leydig cells (Fig. 3A2, C2 and D2). The gonad 
tissue of Patient 4 was negative for inhibin immunostaining 
due to the absence of Leydig cells (Fig. 3B2). PPP2R3C is 
ubiquitously expressed in human testis from fetal period 
to the adulthood (Fig. 3C3 and D3). PPP2R3C expression 
was seen in Patient 2 and in Patient 4 similar to control 
tissues (Fig. 3A3 and B3). The Müllerian-like tubules from 
Patient 2, Patient 4 and the seminiferous tubules of the 
control fetal and adult testis sections were positive for 
SOX9 protein immunostaining (Fig. 3A4, B4, C4 and D4). 
SOX9 is a downstream canonical target of PP2A. SRY-
mediated SOX9 upregulation in the early gonad is crucial 
for testis development. SOX9 needs to be phosphorylated 
to SOX9-Phospho to be activated to induce downstream 
pathways for testicular development. The variants in 
PPP2R3C are predicted to upregulate the catalytic function 
of PP2A, subsequently increasing the dephosphorylation 
of SOX9-Phospho. Disruption in testis development due 
to impaired SOX9-Phospho signaling was supported 
by the analysis of SOX9-Phospho in the gonad tissues 
from Patient 2 and Patient 4 with homozygous PPP2R3C 
variants, which showed no expression of SOX9-Phospho 
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Figure 2
Molecular analysis of patients with the PPP2R3C variants. (A) Electropherogram showing the homozygous PPP2R3C variants (the 
black arrows and yellow boxes indicates the nucleotide peak of interest) in probands and respective heterozygous variants in 
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(Fig. 3A5 and 3B5) compared to normal expression in fetal 
and adult testis tissues (Fig. 3C5 and 3D5).

Reproductive functions of individuals with 
heterozygous PPP2R3C variants

The autosomal recessive mode of inheritance of the 
syndrome and the existence of infertile cases in the 
affected families including the parents of Patient 1, 
prompted us to investigate the reproductive functions 
of the parents who were genotype-proven carriers of 
deleterious PPP2R3C variants (Table  2). Semen analyses 
was performed in all fathers except the father of Patient 
2. All three fathers (infertile father of Patient 1 and 
apparently fertile fathers of patients 3 and 4) were found 
to have teratozoospermia with severe head, acrosomal and 
nuclear abnormalities (Fig. 4 and Table 2). The mother of 
Patient 1 reported oligomenorrhea and hypomenorrhea 
with no abnormality in pelvic ultrasonography; mother 
of Patient 3 had menopause at 44 years of age. Other two 
mothers had regular menstrual periods.

Evaluation of B lymphocyte viability, proliferation 
rate and apoptosis

Since B lymphocytes of PPP2R3C-null mice showed 
impaired viability and proliferation and increased 
apoptosis (7), analyses were focused on CD19+ B 
lymphocytes obtained from patients with homozygous 
PPP2R3C variants (Patients 1, 2, 3). Annexin V/PI staining 
revealed that, in terms of viability, there was no significant 
difference between 0 and 24th hours among patients; 
however, viable cell rate was significantly decreased 

between 24 and 48 h (Fig.  5B); early apoptosis rate was 
increased between these two time points (Fig. 5C). Late 
apoptosis was increased significantly at 48 h (Fig.  5C). 
Alterations of necrosis rates were not significant in 
three time points (Fig.  5D). When compared with age-
matched healthy individuals (n = 6; three females and 
three males), patients’ viable cell population was lower on 
48th hour (Fig. 5F), and this decrease was accompanied 
by increased early and late apoptotic cell ratios (Fig. 5G 
and H). Altogether, these data may suggest that patients’ 
CD19+ B lymphocytes are more susceptible to apoptosis 
compared to healthy controls. Moreover, DNA content 
analysis revealed that no difference between 0, 24th and 
48th hours and G1/G0 phase was significantly decreased 
compared to hour 0 supporting a decreased proliferation 
of B lymphocytes (Fig. 5J and K).

Discussion

Here, we describe a novel autosomal recessive 46, XY 
gonadal dysgenesis syndrome due to the variants in 
PPP2R3C gene in four girls from four unrelated families. 
Besides complete testicular dysgenesis, a number of extra 
gonadal anomalies, including typical facial gestalt, low 
birth weight, myopathy, rod and cone dystrophy, anal 
atresia, omphalocele, sensorineural hearing loss, dry 
and scaly skin, skeletal abnormalities, renal agenesis 
and neuromotor delay characterize this syndrome. 
Furthermore, our findings show that heterozygous defects 
of this gene are associated with impaired spermatogenesis 
and male infertility.

their parents. (B) Partial alignment of PPP2R3C protein sequences, generated by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/), showing conservation of leucine (Leu;L) at position 103, leucine (Leu;L) at position 193 and phenylalanine (Phe;F) at 
position at 350 highlighted in gray, with numbering relative to human sequence. These amino acids are highly conserved among 
ortholog proteins. (C) Levels of PPP2R3C mRNA were quantified by RT-qPCR and were unchanged between control (wt/wt), parents 
(wt/m) and patients (m/m). The column and whisker graph represents the mean and standard errors of mean (s.e.m.) of the 
measurements. NS, not significant. (D) Schematic domains and ligand-binding sites of PPP2R3C (UniprotKB: Q969Q6) are 
illustrated. These include a EF-hand 1 (residues 273-308), EF-hand 2 (341-376) domain and calcium-binding site (286-297). The 
location of the domains is marked by the red arrows. Locations of pLeu103, pLeu193 and pPhe350 of wild-type PPP2R3C and 
pPro103, pSer193 and pSer350 identified in our patients are presented in magnified frame for viewing at higher quality. The 
models are visualized by PyMol, with rainbow painting starting from dark blue at ‘N terminal’ and ending red at ‘C terminal’. 
Elements of residues are painted in stick format and view zoomed to 20 Å below for each model. (E) Secondary structure and the 
solvent accessibility scores of the investigated wild type and mutation sites are presented in I-Tasser simulated models. Predicted 
secondary structure is scored from zero to nine; the higher the score, the more confident is the prediction. The predicted 
secondary structure suggests that this protein is an alpha-beta protein. ‘H’ and ‘C’ indicate helix and coil, respectively. The 
predicted solvent accessibility at the bottom is presented in ten levels, from buried (zero) to higher exposed (eight). pLeu103 
residues are pointed with red, pSer193 with green and pSer350 with blue arrows.
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Reversible protein phosphorylation is one of the most 
common posttranslational modifications of proteins and 
represents an essential mechanism of signal transduction 
in cell. A broad range of intracellular processes is regulated 
by reversible phosphorylation–dephosphorylation 
of proteins depending on a fine balance between the 

actions of protein kinases and protein phosphatases, 
respectively. Protein phosphatase 2A (PP2A) is the major 
Ser/Thr phosphatase in most cell types. The PP2A is a 
heterotrimeric holoenzyme consisting of a scaffolding 
A, catalytic C and a regulatory B subunits (5, 15) 
(Supplementary Fig.  2). The regulatory subunits are the 
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Figure 3
Overview of histology and, PPP2R3C, SOX9 and SOX9-Phospho protein expressions in the dysgenetic gonads from Patient 2, 
Patient 4, and the developing normal fetal testis and adult testis tissues. The representative images of the gonadal tissues of 
Patient 2 and Patient 4 are shown in the upper 1st and the 2nd panels (A1–5, B1–5). The control tissues were selected from a 
normal fetal testis (C1–5) and a normal adult testis (D1–5). H&E staining revealed normal Leydig cells and seminiferous tubular 
structures in the control fetal (C1) and adult testis (D1). The gonadal tissue of Patient 2 revealed only few clusters of Leydig cells 
and peripherally located Müllerian-like tubular structures in a loose connective tissue containing vessels and peripheral nerve 
bundles (A1, A2). The gonadal biopsy of Patient 2 revealed no Leydig cells but peripherally located Müllerian-like tubular 
structures in a loose connective tissue containing vessels and peripheral nerve bundles (B1, B2). Inhibin immunohistochemical 
staining indicates Leydig cells (A2, C2, D2). The gonad tissue of Patient 4 was negative for inhibin immunostaining due to the 
absence of Leydig cells (B2). PPP2R3C expression was seen in Patients 2 and 4 similar to control tissues (A3, B3, C3, D3). PPP2R3C 
immunoreactivity in Sertoli cells of seminiferous tubules of control testis tissues is indicated by black arrows in C3, D3. Note that 
the Müllerian-like tubules were positive for SOX9 (A4, B4), but are negative for SOX9-Phospho protein expression (A5, B5) in the 
Patient 2 and Patient 4 with homozygous PPP2R3C variants. However, the seminiferous tubules of the control testis sections were 
positive for both SOX9 (C4, D4) and SOX9-Phospho (C5, D5) immunostaining (images are at ×40 magnification).
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main determinants of target tissue, substrate specificity 
and the function of PP2A. There are 16 B-type subunits, 
which suggest a broad range of PP2A function in diverse 
cellular processes and dysfunction of any regulatory 
subunit may be associated with a different clinical 
presentation. PPP2R3C encodes B″gamma regulatory 
subunit of PP2A (5, 15) (Supplementary Fig. 2).

PPP2R3C shows the highest mRNA and protein 
expression in human testicular structures, secondly 
in the lymphocytes (https://www.proteinatlas.org/
ENSG00000092020-PPP2R3C/tissue). The conditional 
and targeted knockout mice model of PPP2R3C showed 
decreased survival and increased apoptosis of B lymphocytes 
which is the only in vivo function of PPP2R3C reported so 
far. However, since PPP2R3C−/− B lymphocytes showed a 
normal proliferative response to lipopolysaccharide and 
other antigenic stimuli in mice, immunodeficiency was 
not seen (6, 7). Our results on CD19+ B lymphocytes 
obtained from the patients with homozygous PPP2R3C 
variants revealed a decreased viability and proliferation 
rate and an increased early and late apoptosis of CD19+ B 
lymphocytes. These results are in line with the data from 
lymphoid tissue-targeted PPP2R3C-null mice (6, 7). Our 
patients also did not show any clinical immunodeficiency 
symptoms or increased tendency to infections. Serum 
immunoglobulin concentrations and lymphocyte counts 
were normal in all patients. Instead, 46, XY complete 
gonadal dysgenesis was the main symptom of referral in all 
four patients in our cohort. Since it was a lymphoid tissue-
targeted PPP2R3C-knockout mice, the gonadal phenotype 
would be expected as uninformative. Nevertheless, there 
are a number of evidence supporting the pivotal role 
of PP2A and its subunits in testicular development and 
spermatogenesis.

In vivo studies using mutants of Saccharomyces 
cerevisiae and Drosophila showed that the B regulatory 
subunit of PP2A is required for completion of anaphase 
and microtubule organization in cell cycle (16, 17). 
Kitagawa et  al. were the first to describe the remarkable 
expression of small-sized mRNAs for catalytic subunits of 
PP2A (PP-2Aβ) (by which they were possibly meaning the 
subtypes of regulatory B subunits) in testis and testicular 
germ cells of rat including spermatogonia, primary 
spermatocytes, secondary spermatocytes and spermatids. 
They have suggested that protein phosphatases may play 
a role in of in cell-cycle regulation during the meiosis 
of spermatogonia (18). In 1993, Hatano et  al. showed 
that B regulatory subunit of PP2A (BRβ) was specifically 
expressed in rat brain and testis. In rat testis, BRβ 
expression is increased after 40th days and is involved 

in the spermatid elongation through the action of tau 
protein (19). Tau protein is a microtubule-associated 
protein located in both neuronal axons and the manchett 
of the elongated spermatid (20). Tau protein has been 
reported to be phosphorylated at serine/threonine 
residues (21), dephosphorylated by PP2A in vitro and is 
probably involved in the microtubule polymerization 
(22). Hatano et al. have shown co-expression of tau and 
BRβ in the elongated spermatids and suggested tau as 
one of the target substrates of PP2A (19). van den Ham 
et  al. investigated the expression of scaffolding subunit 
A of PP2A (PP2A-A) during testicular development of 
rats of various ages from 16  days postcoitum (pc) to 
adulthood (23). Their protein expression data from in situ 
hybridization, immunohistochemistry and Western blot 
analyses revealed that both spermatogonia and Sertoli 
cells express PP2A-A during their proliferative period at 
various stages of testicular development from fetal 19 days 
pc to 15  days postpartum. This study shows that PP2A 
may play an important role in the testicular development 
and spermatogenesis (23). In line with these data, we have 
demonstrated the expression of PPP2R3C protein in the 
normal human testis from the fetus at the 18th week of 
gestation to the adulthood at 82 years old. Furthermore, 
we have shown teratozoospermia in the fathers of our 
patients who were heterozygous for PPP2R3C defect, 
although two of them had no clinically apparent infertility 

Figure 4
Representative light micrographs of semen smears from the 
fathers of Patient 3 (A) and Patient 4 (B). *, midpiece defect; m, 
mixed defect (head and tail); n, normal spermatozoa; g, 
globozoospermatozoa; p, pinhead spermatozoa; t, tail defect 
(dag or double tail). Diff-Quick staining. The father of Patient 3 
showed a few number of normal spermatozoa. Head defects 
with globozoospermatozoa and pinhead were observed in 
both patients. Moreover, spermatozoa with mixed defects 
(head, midpiece and tail) were present. There were severe tail 
defects in both patients. However, tail defects with double tail 
were more prominent in the father of Patient 4.
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Figure 5
Evaluation of CD19+ B lymphocytes for viability, apoptosis and cell-cycle characteristics in patients with homozygous PPP2R3C 
variants. (A) Dot plots of three patients’ Annexin V/PI staining. (B, C, D and E) The viability, early apoptosis, late apoptosis and 
necrosis ratios of B lymphocytes were compared at 0, 24 and 48 h after blood sampling from patients with PPP2R3C variants. (F, 
G, H and I) Comparison between patients’ and control samples’ for viability, early apoptosis, late apoptosis and necrosis ratios of B 
lymphocytes. (J) Histogram plots of three patients’ DNA content analysis. (K) Statistical analysis of cell-cycle distribution (G2/M, S, 
G1/G0) between three time points. P < 0.05 is considered significant (*P = 0.01; ***P < 0.001; ****P < 0.0001).
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problem. Taken together, 46, XY complete gonadal 
dysgenesis described in four patients with homozygous 
PPP2R3C variants and, teratozoospermia and infertility in 
the heterozygous carriers of deleterious PPP2R3C variants 
in this study provides the first in vivo human evidence 
on the key role of PPP2R3C protein in the testicular 
development and identifies it as a critical intracellular 
signaling molecule involved in spermatogenesis.

Main syndromic facial features in our patients are 
related to ear and nose cartilage which suggests that 
chondrogenesis is impaired in addition to testicular 
dysgenesis. Sex-determining region Y (SRY)-box 9 (SOX9) 
has fundamental functions in several developmental 
processes, including testis development (24, 25), 
maintenance and the integrity of Sertoli cells in adult 
testis (26) and is essential for early chondrogenesis 
(27). Campomelic dysplasia (OMIM #114290) is a well-
known disorder of chondrogenesis associated with 46, 
XY sex reversal due to SOX9 mutations. Duplications and 
deletions of enhancers upstream of SOX9 have recently 
been shown to cause sex reversal in 46, XX and 46, XY 
individuals respectively (28, 29). SOX9 is also subjected 
to multiple posttranscriptional modifications in testicular 
development and chondrogenesis. Phosphorylation by 
protein kinase A (PKA) enhances DNA-binding affinity 
of SOX9 and leads to its translocation into the nucleus 
in testis cells (30). Interestingly, this same event is also 
required for parathyroid hormone-related peptide (PTHrP)-
mediated regulation of chondrocyte maturation (31). 
PP2A plays a role in the regulation of the PKA signaling 
pathway and that the phosphorylation level of CREB is 
influenced by the activity of both enzymes during in vitro 
chondrogenesis. The chondrogenesis-promoting effect of 
PKA via SOX9 (at Ser 211) and CREB phosphorylation is 
counterbalanced by the activity of protein phosphatase 2A 
(PP2A), a negative regulator of chondrogenesis (32). Main 
targets of SOX9 transcription factor are Testatin, Collagen 
type IV and Collagen type IX (33). The phosphorylation 
and, consequently, the activation of SOX9 is regulated 
by protein kinase A and increased PP2A activity has been 
shown to be responsible for decreased phosphorylation 
of SOX9 (34). We suggest that the variants in PPP2R3C 
upregulate the catalytic function of PP2A and increase 
the dephosphorylation of SOX9-Phospho protein. The 
decreased SOX9-Phospho protein expression in the 
dysgenetic gonads of the patients with homozygous 
PPP2R3C variants presents a solid base of evidence for 
impaired SOX9 signaling in the pathogenesis of gonadal 
dysgenesis in this condition. Collectively, we suggest that 
PPP2R3C is a key player by which SOX9 regulates testis 

development in humans, and identified PPP2R3C variants 
as a significant cause of 46, XY testicular dysgenesis.

From the biosynthesis of testicular and adrenal 
androgen point of view, the equilibrium between the 
phosphorylation and dephosphorylation of the proteins 
are important. Recent studies identified the mitogen-
activated protein kinase 14 (MAPK14, p38α) enhancing 
17,20 lyase activity by phosphorylation (35, 36), while 
PP2A was shown to dephosphorylate CYP17A1 and 
diminish lyase activity and androgen synthesis in the 
testis and adrenals (37). Although there were no clinically 
significant impairment in the androgen production either 
in heterozygous males or in females, there were noticeable 
low-normal values in adrenal and gonadal androgen 
concentrations. This effect may not be significant because 
of the heterozygosity of genetic defect or compensation 
of the defect by some other intact pathways of androgen 
biosynthesis. In homozygous patients, the low adrenal 
androgen concentrations were more significant especially 
in androstenedione levels, which is the main product of 
17,20 lyase activity. The absence of axillary hair and sparse 
pubic hair attained at 17.5 years old in the eldest patient 
in this cohort also suggests impaired adrenal androgen 
biosynthesis in this syndrome.

Based on the above-mentioned data, serine/threonine 
phosphorylation of the canonical downstream signaling 
proteins including SOX9, MAPK14, Tau and CYP17A1 
favor normal testicular development, spermatogenesis 
and androgen biosynthesis. Therefore, the phenotype 
of testicular dysgenesis, abnormal spermatogenesis 
and decreased androgen synthesis in the patients 
with PPP2R3C variants are associated with increased 
dephosphorylation. PPP2R3C variants upregulate the 
catalytic activity of PP2A, subsequently dephoshorylation 
process of the related proteins dominates, thus resulting 
in a multi-hit mechanism against male sex development 
and fertility (Supplementary Fig. 3).

The PPP2R3C variants identified in our patients were 
not reported on large population databases including 
gnomAD and show a significant conservation in the 
general population and among multiple orthologs. 
GnomAD reports no coding homozygous PPP2R3C 
variants in the healthy population. However, PPP2R3C has 
a probability of loss-of-function intolerance (pLI) score 
of 0.0 in population metrics based on gnomAD, which 
indicates that heterozygous loss-of-function mutations 
are likely to be benign (38). Eight heterozygous carriers of 
pathogenic PPP2R3C variants have been evaluated in our 
study who were apparently healthy parents of our patients. 
These individuals did not have any phenotypical features 
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or any clinically significant systemic involvement unlike 
the patients with homozygous PPP2R3C mutations. They 
had noticeable but clinically insignificant low-normal 
values in adrenal and gonadal androgen concentrations. 
Moreover, we have identified normal sperm counts and 
sperm motility but abnormal sperm morphology in 
three heterozygous fathers. Two of them had no history 
of infertility. Therefore, although the heterozygosity 
of PPP2R3C variants is associated with impaired 
spermatogenesis, the general clinical presentation of 
heterozygosity of PPP2R3C variants may likely be benign. 
Selective pharmacologic PP2A inhibitors, such as okadaic 
acid was shown to promote fertility by increasing sperm 
motility, velocity and lateral head amplitude (39, 40) 
which is in line with the proposed pathogenesis. Thus, 
our findings about the role PPP2R3C in spermatogenesis 
in humans have also implications for novel therapeutic 
targets of human infertility.

Brosnan et  al. described two sisters with syndromic 
46, XY complete gonadal dysgenesis and multiple 
anomalies in ectodermal and mesodermal structures in 
1980 (41). Although the authors reported that parents 
were nonconsanguineous and no molecular study was 
done at that time, those two girls had the same clinical 
features with that of our cohort including common facial 
gestalt with multisystem involvements, particularly 
affecting skin, muscles and gonads. Therefore, we think 
that these two sisters had the same syndrome as described 
in the present study. We would like to propose the name 
Myo-Ectoderma-Gonadal Dysgenesis (MEGD) for this 
novel syndrome.

Rare human phenotypes related to genetic defects 
in the subunits of PP2A were described very recently. 
Heterozygous de novo missense mutations in PP2A 
regulatory subunit B family genes, PPP2R5B, PPP2R5C 
and PPP2R5D, have recently been described in individuals 
with overgrowth and intellectual disability (42). De novo 
mutations affecting the catalytic Cα subunit of PP2A 
(PPP2CA) were identified to cause a syndromic intellectual 
disability and developmental delay (43). However, no 
homozygous mutations was identified in those conditions. 
None of these patients had a consistent facial gestalt nor 
had a reportable gonadal abnormality. Moreover, we have 
evaluated the WES data of Patient 1 and 2 for all individual 
and shared homozygous, heterozygous and hemizygous 
variants of PPP2R5B, PPP2R5C, PPP2R5D and PPP2CA 
genes and could not find any other variant that can be 
associated with the phenotype. This also supports that 
PPP2R3C is a highly specific B subunit determining the 

pivotal function of related PP2A complex in testis, male 
germ cells, muscles, skin and various ectodermal tissues.

In summary, we characterize a novel syndrome of 46, 
XY complete gonadal dysgenesis and a constellation of 
ectodermal, muscular and multisystem abnormalities. Our 
findings collectively identify PPP2R3C as an important 
factor for human development, especially a novel factor 
for testis development and spermatogenesis.

Supplementary data
This is linked to the online version of the paper at https://doi.org/10.1530/
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