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Abstract

Introduction: Hereditary cholestasis is a heterogeneous
group of liver diseases that mostly show autosomal recessive
inheritance. The phenotype of cholestasis is highly variable.
Molecular genetic testing offers an useful approach to dif-
ferentiate different types of cholestasis because some symp-
toms and findings overlap. Biallelic variants in USP53 have
recently been reported in cholestasis phenotype. Methods:
In this study, we aimed to characterize clinical findings and
biological insights on a novel USP53 splice variant causing
cholestasis phenotype and provided a review of the litera-
ture. We performed whole-exome sequencing and then con-
firmed it with Sanger sequencing. In addition, as a result of
in silico analyses and cDNA analysis, we showed that the
USP53 protein in our patient was shortened. Results: We
report a novel splice variant (NM_019050.2:¢c.238-1G>C) in
the USP53 gene via whole-exome sequencing in a patient
with cholestasis phenotype. This variant was confirmed by

Sanger sequencing and was a result of family segregation
analysis; it was found to be in a heterozygous state in the
parents and the other healthy elder brother of our patient.
According to in silico analyses, the change in the splice re-
gion resulted in an increase in the length of exon 2, whereas
the stop codon after the additional 3 amino acids (VTF)
caused the protein to terminate prematurely. Thus, the ma-
ture USP53 protein, consisting of 1,073 amino acids, has
been reduced to a small protein of 82 amino acids. Conclu-
sion: We propose a model for the tertiary structure of USP53
for the first time, and together with all these data, we sup-
port the association of biallelic variants of the USP53 gene
with cholestasis phenotype. We also present a comparison
of previously reported patients with USP53-associated cho-
lestasis phenotype to contribute to the literature.
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Introduction
Cholestasis is a condition characterized by disruption

of hepatobiliary production and biliary excretion result-
ing from the entry of bile compounds into the systemic
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circulation. Hereditary cholestasis is a heterogeneous
group of liver diseases that mostly show autosomal reces-
sive inheritance pattern. Clinical findings include intra-
hepatic cholestasis, pruritus, and jaundice. The severity of
cholestasis is highly variable. It may present with a vari-
able phenotype ranging from progressive familial intra-
hepatic cholestasis (PFIC) that starts in early infancy and
progresses to end-stage liver disease, to benign recurrent
intrahepatic cholestasis (BRIC), which is a milder, inter-
mittent, mostly nonprogressive form of cholestasis [Sti-
cova et al., 2018]. Molecular genetic testing offers a useful
approach to differentiate different types of cholestasis
due to overlapping symptoms and findings. Pathogenic
variants in the ATPSB1, ABCBI11, ABCB4, TJP2, NR1H4,
and MYOS5B genes have been identified in the etiology of
a wide spectrum from PFIC to BRIC affecting children
and adults [Wangetal.,2016; Nicastro etal.,2019; Amirn-
eni et al., 2020].

Among the recently identified new loci associated with
cholestasis, the USP53 gene is located on chromosome
14q24.3 and encodes a non-protease homologue of the
ubiquitin-specific peptidase which is predicted to play a
role in the regulation of protein degradation [Quesada et
al., 2004; Zhang et al., 2020b]. Studies have shown that the
USP53 protein is expressed in the liver, brain, kidney, and
inner ear [Kazmierczak et al., 2015; Maddirevula et al.,
2019]. USP53 is a tight junction protein that interacts
with other tight junction proteins 1 and 2 (TJP1 and
TJP2). TJPs are cytoplasmic proteins that bind intrinsic
membrane tight junction proteins to the cytoskeleton
[Roehlen et al., 2020].

In this study, we report a novel homozygous splice
variant in the USP53 gene in a patient with PFIC pheno-
type who responded dramatically to rifampicin. We pres-
ent the clinical, histological, and ultrastructural features
of our patient and a model for the USP53 tertiary struc-
ture for the first time, together with previously reported
USP53-related cholestasis patients.

Material and Methods

Detailed physical examination, biochemical parameters, and
abdominal ultrasound of the patient were performed for the etiol-
ogy of cholestasis. Liver biopsy was performed during follow-up.
Sequential genetic studies were conducted. All studies were per-
formed as part of routine clinical care.

Liver Biopsy

Histopathological examination was performed by preparing
4-micron sections from the liver biopsy material and applying he-
matoxylin-eosin, PAS (Periodic Acid-Schiff), PAS Diastase, Mas-
son trichrome, Reticulin, and Iron stains.
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Whole-Exome Sequencing

Genomic DNA was isolated from peripheral blood of the pa-
tient after the completion of a consent form. DNA was isolated
from sterile 2-mL EDTA peripheral blood samples using Pure-
Link™ Genomic DNA Mini Kit. Then, the measurement of the
quality of the DNA obtained was made with “Qubit” device. Qual-
ified DNA samples were enzymatically randomly digested after
sample quality control (QC). The ends of these DNA fragments
collected with magnetic beads were repaired (end repair) and ad-
enine was added to the 3’ ends. In the next step, adapters and bar-
codes were added to the fragments based on ligation and the first
PCR step was started.

In order to get rid of the unbound fragments, a purification
was made after the first PCR step had been done. For enrichment,
hybridization was performed with a capture kit with a 36-Mb tar-
get region. Then, unhybridized fragments were washed and the
second PCR step was started. The second PCR stage was creating
DNA Nanoball (DNB) on the same chain by turning the DNA into
a round chain with a stage thus minimizing PCR errors. A splint
oligo was also used to make the DNA circular. Each created DNB
was placed in spots on the flow cell on the DNBSEQ G-400 se-
quencing platform. The sequencing process occurred on the flow
cell, and the reaction solution containing modified dNTPs marked
with different dyes was loaded into the flow cell. After the se-
quencing, firstly, raw sequencing data were inspected using
FASTQC to perform quality control checks and then was pro-
cessed with fastp v0.20.1 to remove adaptors and low-quality bas-
es. Resulting high-quality “.fastq” files were aligned to a reference
human genome (hgl9, GRCh37) with bwa-mem v0.7.17 algo-
rithm with default parameters. The obtained SAM files were con-
verted to sorted and indexed BAM files with Sambamba v 0.8.0.
Read duplicates in alignment files were marked using Picard
v2.23.0 using MarkDuplicates option. Then, realignment around
known indels and base quality score recalibration was performed
using GATK toolkit v.3.7.0. By using GATK BaseRecalibrator,
base quality recalibration was performed with known Sites files
(dbSNP151, Mills and 1000 genome indels, and known indels)
from the GATK hg19 resource bundle. Single nucleotide variants
and small insertions and deletions were called by GATK haplo-
type caller version 3.7. Variant annotation was performed with
ANNOVAR with the following public datasets: 1000 Genomes
Project, Exome Aggregation Consortium (ExAC v.0.3.1), the Ge-
nome Aggregation Database (gnomAD, v3.1), CADD v3.0, Clin-
Var, UCSC, and dbNSFP4. Some variants (SNP, indels) were re-
viewed manually using the Integrative Genomics (IGV v2.10,
Broad Institute). Coverage of each variant was calculated using
BEDTools v 2.30.0 with the “-d” parameter to calculate the per
base depth and then the percentage of bases with at least 20, 30,
50, and 100x coverage were calculated.

Sanger Sequencing

Specific primers were designed for the segregation studies
within the family for the UPS53 variant of interest. After comple-
tion of the consent forms from the patient, parents, and healthy
elder brother for segregation studies, genomic DNA was isolated
as described above. Sanger sequencing was performed on the Ap-
plied Biosystems® Sanger Sequencing 3500 Series Genetic Ana-
lyzer using standard PCR and sequencing protocols.
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Fig. 1. Histopathological findings in our patient. a H&E staining, x20, bile plugs and canalicular cholestasis.
b CK19 (cytokeratin-19) staining, x10, periportal ductular proliferation. ¢ Reticulin staining, x10, bridging fi-

brosis, incomplete nodule formation.

Reverse Transcription PCR Analysis

Total RNA was isolated using an available kit (RiboEx™ Total
RNA isolation kit) from peripheral blood samples of the index pa-
tient, unaffected sibling, and parents using the manufacturer’s
guidelines. FastGene® Scriptase Basic kit and random hexamers
were used for cDNA synthesis. PCR reactions were performed us-
ing custom-designed primers (F: TCTTACGGAAACCTGGTG-
GCand R: ACATATTTTCAAAGCACTCCGCA), and PCR prod-
ucts were loaded into 1% agarose gel.

Sequence Data and Splicing Analyses

USP53 (HGNC ID:29255) sequence information of Homo sa-
piens was obtained from the NCBI database (NM_019050.2).
NM_019050.2:¢.238-1G>C mutation data was generated with the
MegaX bioinformatics tool [Kumar et al., 2018]. Splicing analyses
were performed with MutationForecaster® [Mucaki et al., 2013;
Caminsky et al., 2014].

Homology Modeling of Wild-Type and Mutant USP53

Human USP53 protein sequence information was obtained
from the Uniprot database (Q70EKS8). Three-dimensional models
of wild-type and mutant USP53 proteins were generated by the
method of homology modeling using ProMod3 and trRosetta
[Waterhouse et al., 2018; Yang et al., 2020]. 3MHS (RCSB protein
data bank code) was selected as template. ProSA was used for
structural validation and model of wild-type and mutant USP53
proteins [Wiederstein and Sippl, 2007]. Secondary structure com-
ponents (random coils, beta strands, alpha helices) of the USP53
protein were defined by using PSIPRED [Buchan et al., 2013]. Su-
perimpose and conformational analyses of wild-type and mutant
proteins were performed with PyMOL (ver2.4.1).

Results

A 21-month-old Syrian girl was presented to our pedi-
atric emergency department at 4 months of life with the
complaints of sudden onset jaundice and pruritus. She
was the second child of consanguineous parents (first
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cousin marriage) with a healthy elder brother. The pa-
tient was born at 38th gestational week with a birth weight
0f 2,500 g and unknown birth height and head circumfer-
ence. Routine newborn metabolic and hearing screenings
were unremarkable. She had no history of neonatal jaun-
dice. The physical examination at hospital admission re-
vealed jaundice without organomegaly and there was no
family history of liver disease. Biochemical tests showed
normal renal function and electrolytes. She was anemic
(hemoglobin 9.4 g/dL) and had cholestasis (total bilirubin
5.09 mg/dL, direct bilirubin 4.46 mg/dL) with a normal
y-glutamyl transferase (GGT) level (32 U/L). Aspartate
aminotransferase (AST) was 53 U/L (upper limit normal
[ULN]: 54); alanine aminotransferase (ALT) 29 U/L
(ULN: 56); alkaline phosphatase (ALP) 622 U/L (ULN:
469), and albumin 3.2 g/dL; INR: 1.05; total cholesterol
level was 161 mg/dL. The viral serology for hepatotropic
viruses was negative, and serum alpha-1 antitrypsin and
metabolic screening tests were all normal. The patient
was treated with oral ursodeoxycholic acid (UDCA) (20
mg/kg/day), cetirizine, and fat-soluble vitamins (vitamin
K, 1 mg/kg, 3 times per day; vitamins A and D, 1,500 U
per day; vitamin E 10 mg/kg/day). At 2-month follow-up
visit, liver function tests were gradually elevated. Jaundice
and pruritus were not alleviated and moreover, hepato-
splenomegaly was identified at a 5-month follow-up. Liv-
er biopsy was performed at 9 months of age. Histopatho-
logical examination showed canalicular cholestasis,
sparse giant cell formation, periportal ductular prolifera-
tion, porto-portal, porto-central, and centrilobular fibro-
sis, complete and incomplete nodule formation, and mild
portal inflammation (Fig. 1). Serum bile acid levels (123
pmol/L, ULN: 41) and alpha-fetoprotein (AFP, 341 ng/
mL, ULN: 27) levels were elevated.
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Fig. 2. a Pedigree of the family and Sanger sequencing images of the proband, parents, and the healthy brother.
b PCR amplification of cDNA targeting exon 1-4. While there is no band in the proband, a clear band is visible
in the control samples, parents, and unaffected sibling.

Table 1. Predictions of pathogenicity of

USP53 ¢.238-1G>C Transcript ID NM_019050.2

dbSNP Novel

Variant c.238-1G>C

Variant location Intron 5

Variant type Splicing

MutationTaster Disease-causing, protein features (might be)
affected by splice site changes

varSEAK Class 5 (exon skipping, loss-of-function for
authentic splice site)

dbscSNV ADA score 0.9999

gnomAD (exomes and genomes) Not detected

ClinVar Not reported

dbNSFP EIGEN Pathogenic

DANN score 0.9952

GERP score NR:6.01;RS: 6.01

ACMG classification Pathogenic

ACMG pathogenicity criteria PVS1, PM2, PP3

gnomAD, Genome Aggregation Database; ACMG, The American College of Medical Ge-
netics and Genomics; dbscSNV, a comprehensive database of all potential human SNVs with-
in splicing consensus regions and their functional annotations; ClinVar, clinically relevant vari-
ation; dbNSFP, database developed for functional prediction and annotation of all potential
non-synonymous single-nucleotide variants; DANN, a deep learning approach for annotating
the pathogenicity of genetic variants; GERP, Genomic Evolutionary Rate Profiling.
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Fig. 3. a Organizational representation of
the splicing site before NM_019050.2:
€.238-1G>C mutation. Blue color: exon 2
sequence, green color: intron 2 sequence,
pink color: exon 3 sequence. b Organiza-
tional representation of the splicing site af-
ter NM_019050.2:¢.238-1G>C variant.
Blue color: exon 2, pink color: exon 3.
¢ Representation of the amino acid se-
quence of the early-terminating USP53
protein after mutation. Blue color: region
of exon 2 before mutation, green color: rep-
resentation of 3 amino acids added after
mutation (pre-early termination).

— Exon-2
ATGGCATGGGTAAAATTCTTACGGAAACCTGGTGGCAATCTTGGAAAAGTTTATCAG
CCTGGAAGTATGCTATCACTAGCCCCTACCAAAGGCTTGTTAAATGAACCAGGACAA
AACAGCTGCTTTCTTAATAGCGCTGTACAGGTTTTATGGCAATTGGATATATTCCGA
CGAAGCTTGCGGGTTTTGACTGGACATGTTTGTCAGGGAGATGCCTGTATATTTGT

splice donor site
GCATTGAAG GTAACCTTTTAATAGCT ..ttt

—> Intron-2
splice acceptor site
...................... ATTCCCAGACGATATTTGCACAGTTCCAACACAGTCGAGAAAAAGC

a —> Exon-3

—> Exon-2
ATGGCATGGGTAAAATTCTTACGGAAACCTGGTGGCAATCTTGGAAAAGTTTATCAG
CCTGGAAGTATGCTATCACTAGCCCCTACCAAAGGCTTGTTAAATGAACCAGGACAA
AACAGCTGCTTTCTTAATAGCGCTGTACAGGTTTTATGGCAATTGGATATATTCCGA
CGAAGCTTGCGGGTTTTGACTGGACATGTTTGTCAGGGAGATGCCTGTATATTTTGT

stop
former splice donor site
TGTGCATTGAAGCTAACCTTTTAATAG CTCTGAAAAA

c.238-1G>C

TCGATTCCC AG ACGATATTTGCACAGTTCCAACACAGTCGAGAAAAAGCACTTCC

former splice acceptor site

CTCAGATAACATAAGGCATGCTCTTGCAGAAAGTTTCAAAGATGAGCAGCGATTTCA
ACTTGGCCTTATGATGATGCTGCGGAGTGCTT T it
...................... GCAGCGATTTCAACTTGGCCTTATGGATGATGCTGCGGAGTGCTTT

b new splice donor site T

MAWVKFLRKPGGNLGKVYQPGSMLSLAPTKGLLNEPGQNSCFLN
SAVQVLWQL l

former splice donor site

DIFRRSLRVLTGHVCQGDACIFCALK

Progressive familial intrahepatic cholestasis (PFIC)
type 1 and 2 were considered in the differential diagnosis
because of having progressive cholestasis with normal
GGT level, resistant pruritus, and rapid progression to
cirrhosis in infancy. Since there was a strong suspicion of
PFIC-2 due to the high level of serum AFP and not having

USP53-Related Cholestasis and Literature
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extrahepatic manifestations, ABCBII sequencing was
performed, but no disease-causing variant was detected.
Then, sequence analysis of the ATP8BI gene for PFIC-1
was performed and no disease-causing variant was also
found. In order to identify etiology of the disease, whole-
exome sequencing (WES) from the index patient was per-

Mol Syndromol 2022;13:471-484 475
DOI: 10.1159/000523937



formed. We did not identify any cholestasis-related dis-
ease-causing variant in OMIM and HPO. However, a
¢.238-1G>C homozygous splice variant in the USP53
gene (NM_019050.2) was singled out. Sanger sequencing,
carried out for segregation and confirmation purposes,
revealed that the patient is homozygous and both parents
and the healthy elder brother are heterozygous as expect-
ed with a recessive disease trait (Fig. 2a). cDNA study am-
plifying exon 1-4 did not reveal any product in the patient
which confirms the truncation of exon 3 in our subject
(Fig. 2b).

The variant has not been reported in the relevant scien-
tific literature, ClinVar or in the gnomAD exomes and ge-
nomes (available at https://gnomad.broadinstitute.org).
Computational verdict-based databases such as BayesDel
addAF, DANN, EIGEN, FATHMM-MKL, Mutation-
Taster, and scSNV-Splicing evaluated this variant as dam-
aging. Within all these data and according to the ACMG
guideline [Richards et al., 2015], this variant was considered
as pathogenic (PVS1, PM2, PP3). Mutation prediction
scores and publicly available database frequency of the vari-
ant are summarized in Table 1.

A positional change in splicing after ¢.238-1G>C vari-
ation detected in intron 2 splice donor site of USP53 is
given in Figure 3a. This variant moved the splice donor
site in intron 2 to the splice donor site in intron 3 (Fig. 3b).
The change in the splice region resulted in an increase in
the length of exon 2, whereas the stop codon after the ad-
ditional 3 amino acids (VTF) caused the protein to termi-
nate prematurely (Fig. 3c). Thus, the mature USP53 pro-
tein, consisting of 1,073 amino acids, has been reduced to
a small protein of 82 amino acids. The tertiary structure
of USP53 is unknown. In this study, we propose a model
for the USP53 tertiary structure for the first time. The
protein model of wild-type USP53 had a Z-score of —7.05.
The wild-type model was within the limits of X-ray qual-
ity (Fig. 4a). The Z-score of the homology model of the 82
amino acid protein that emerged after the splicing variant
that we found was —3.59. The mutant model was within
the limits of NMR quality (Fig. 4b).

Discussion

Considering the genetic etiology of pediatric cholesta-
sis in the literature, the diagnostic yield of genetic tests
varies between 25 and 50% [ Alhebbi et al., 2021]. This rate
has been increasing with the discovery of novel genes as-
sociated with cholestasis in recent years, after the preva-
lence of genetic testing has increased. Next-generation
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sequencing technologies are a promising tool for discov-
ering new genes related to pediatric cholestasis. For ex-
ample, in a study on pediatric cholestatic liver disease in
2019, it was suggested that 5 novel loci and candidate
genes were identified in the etiology of the disease. These
genes are KIF12, PPMIF, USP53, LSR, and WDR830S
[Maddirevula et al., 2019].

Biallelic variants in USP53 have recently been reported
in cholestasis phenotype. Up to now, a total of 31 cases
from 24 families have been reported in 8 articles in the
literature showing that the USP53 gene is associated with
cholestasis and/or some additional phenotypes [Maddi-
revula etal., 2019; Cheema et al., 2020; Zhang et al., 2020b;
Alhebbi et al., 2021; Bull et al., 2021; Porta et al., 2021;
Shatokhina et al., 2021; Vij and Sankaranarayanan, 2021].
Despite the identification of 24 families in the literature,
there is no OMIM entry for a USP53-related phenotype.
Detailed clinical, laboratory, and genetic findings of all
cases reported in the literature including ours (total 32
cases) are summarized in Tables 2-4. A total of 19 differ-
ent variants have been reported in these patients. Of these
variants, 6 were frameshift, 5 were nonsense, 4 were mis-
sense, 2 were indel, 1 was splice, and 1 was a small dele-
tion. Also, 1 family with 3 affected individuals had large
copy number variation (CNV) involving exon 1 of USP53.
When the patients were clinically evaluated, 3 of the re-
ported USP53 cases had additional hearing loss. In mice,
studies have shown that USP53 co-locates with TJP2 and
contributes to tight junction structures, at least in the ear
[Kazmierczak et al., 2015]. Pathogenic variants detected
in the TJP2 gene have been shown to be associated with
hypercholanemia, normal or low GGT intrahepatic cho-
lestasis, hepatocellular carcinoma, as well as deafness
[Carlton et al., 2003; Kazmierczak et al., 2015; Zhang et
al., 2020a]. However, we recommend that cases with vari-
ants in USP53 should be monitored for hearing loss and
that aminoglycoside antibiotics should be avoided to pre-
vent potential further damage. Alhebbi et al. [2021] re-
ported an 18-month-old patient with a homozygous
frameshift USP53 variant (c.951delT [p.Phe317fs]), in
whom speech and gross motor delay were accompanying.
In the same article, 4 siblings from another family had the
same variant but these patients had no speech or develop-
mental delay. Although no other genetic variant in an-
other locus that may explain the mental and motor delay
in the patient was reported, the absence of developmental
delay in all other cases in the literature suggests a possible
secondary genetic etiology, i.e., multilocus pathogenic
variation in that patient [Pehlivan et al., 2019; Mitani et
al., 2021]. However, as the number of cases identified in
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Fig. 4. Tertiary structure model of wild-type and mutant USP53. a Quality score plot of wild-type USP53 homol-
ogy model and homology model of wild-type USP53. b Quality score plot of mutant USP53 homology model and

homology model of mutant USP53.

the USP53 gene increases, we will have more accurate
genotype-phenotype correlations.

It has been reported in the literature that patients with
USP53-related cholestasis generally respond to medical
treatment. However, liver transplantation was performed
in only one case who had intractable itching that did not
respond to medical treatment. It was also stated that the
case may not have had a chance to be treated with rifam-
picin 20 years ago. In the same article, it was reported that
intractable itching during BRIC episodes was also report-
ed in 2 other adult patients that led to depression and sui-
cide attempts [Alhebbi et al., 2021].

Due to intractable itching that did not respond to an-
tihistamines, our patient was also started on rifampicin.
Atthe 3-months follow-up, ALT, AST and bilirubin levels

USP53-Related Cholestasis and Literature
Review

returned to normal and itching improved dramatically.
Although early fibrosis has been described, cholestasis is
transient in most patients with variants in USP53 [Porta
et al., 2021]. Our patient also had porto-portal, porto-
central, and centrilobular fibrosis as a result of liver bi-
opsy performed at the age of 9 months. We recommend
patients should be monitored closely to assess progres-
sion to fibrosis.

USP53, a member of the ubiquitin specific proteases
involved in the deconjugation of ubiquitin and ubiqui-
tin-like protein adducts, is a cysteine protease with com-
plex organizational structures and different functional
properties [Wing, 2003]. All known USPs contain 3 basic
domains called Cys-box, QQD-box, and Her-box impor-
tant for their catalytic activity [Amerik et al., 1997;

Mol Syndromol 2022;13:471-484 477
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Fig. 5. a Cartoon illustration of the catalytic site of wild-type USP53. Red color: cysteine-box, yellow: histidine-
box, magenta: QQD-box, blue color: residues of catalytic triad. b Cartoon illustration of the irregular Rossman
solid-like beta sheet formation located in the N-terminal domain region of wild-type USP53.

Fig. 6. Relationship network of the USP53
gene [Szklarczyk et al., 2019]. Purple line:
experimentally determined, black line: co-

SEPHS1
@)

SAMD4B

RAPGEF1

expression, blue line: protein homology.

Wilkinson, 1997; D'Andrea and Pellman, 1998]. The
generated model demonstrated the successful formation
of the conserved catalytic triad in all other known USPs
(Fig. 5a). Aspl08 is located near the catalytic triad of
Cys41, His301, and Asp319 and may be responsible for
substrate stability. Apart from this core catalytic domain,
the N-terminal and C-terminal domains of the protein
may be important for substrate specificity and cellular
localization. Although conserved Rossman fold-like

USP53-Related Cholestasis and Literature
Review

structures in the N-terminal region reveal an irregular
formation, they may provide data on the secondary func-
tions of USP53 (tight junction, interaction with multiple
substrates, and additional regulatory roles) (Fig. 5b). The
protein sequence of USP53, which terminated early with
mutation, brought about the loss of protein structure in-
cluding functional properties. The functional deficiency
of USP53 will also disrupt the metabolic and regulatory
processes with which it interacts. The elucidation of the

Mol Syndromol 2022;13:471-484 481

DOI: 10.1159/000523937



molecular basis of cholestasis will be possible with a de-
tailed analysis of the USP53 interaction map (Fig. 6). The
relationship between USP53 and Crk-like protein
(CRKL) in the interaction network created by consider-
ing the experimental data is remarkable. CRKL acts as a
control interface that mediates intracellular signal trans-
duction in many processes including transcriptional re-
pression, apoptotic mechanisms, ensuring membrane
integrity, and substance transport. Chloride intracellular
channel protein 4 co-expressed with CRKL maintains
basolateral membrane polarity, induces endothelial cell
proliferation, and creates selective ion channels [Berry-
man and Goldenring, 2003; Littler et al., 2005; Tung et
al., 2009]. Programmed cell death protein 6 is a calcium
sensor protein involved in processes such as endoplas-
mic reticulum-golgi vesicular transport and membrane
repair. Activation with calcium triggers the formation of
3 different hydrophobic pockets that allow interaction
with different protein groups, thus enabling transloca-
tion [Inuzuka et al., 2010; Takahashi et al., 2015; Mc-
Gourty et al., 2016]. Tyrosine-protein kinase ABL1 co-
expressed with CRKL plays a key role in many vital cel-
lular processes such as cytoskeletal remodeling, cell
motility, cell adhesion, receptor endocytosis, autophagy,
apoptosis, and response to DNA damage [Yuan et al,
1997; Raina et al., 2005; Yogalingam and Pendergast,
2008]. Another Rap guanine nucleotide exchange fac-
tor-1 co-expressed with CRKL is important in establish-
ing basal endothelial barrier function [Pannekoek et al.,
2011]. SAMDA4B, which represses the translations of ac-
tivator protein-1, tumor protein-53, and cyclin-depen-
dent kinase inhibitor 1A, and E3-ubiquitin-protein li-
gase CBL, which acts as a negative regulator of many sig-
naling pathways, are genes that interact directly or
indirectly with USP53 [Baez and Boccaccio, 2005].

As detailed above, USP53 has critical roles in many
important processes for the cell, especially substance
transport, membrane permeability, membrane stability,
apoptotic processes, repair, and regulation at the tran-
scriptional/translational level. Loss of UPS53 function
due to ¢.238-1G>C variation may cause disruption or
deterioration in these processes. The disruption that will
occur in the mechanisms that regulate the transport and
passage of various biological components and the dete-
rioration in the mechanisms that will control these mal-
functions will reveal a process that results in the passage
of bile into the systemic circulation, as in cholestasis. In
particular, weaknesses that affect membrane stability,
cell adhesion, and the stability of tight junctions can re-
sult in leakage of bile salts into the plasma. The C-termi-

482 Mol Syndromol 2022;13:471-484
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nal domain of USP53 interacts with the TJP1 and TJP2
heterodimer associated with cholestasis risk [Sambrotta
et al., 2014; Zhang et al., 2020a]. TJP2 belongs to a fam-
ily of membrane-associated guanylate cyclase homologs
involved in the organization of tight junctions. Tight
junctions in hepatocytes are important in separating bile
from plasma and the canalicular membrane area from
the sinusoidal membrane area. T]JP2 is hypothesized to
affect the tight junction structure by binding to claudins
and occluding. It has been suggested that weakness in
tight junctions may result in leakage of bile salts into the
plasma and high serum bile salt concentrations [Jesaitis
and Goodenough, 1994; McCarthy et al., 2000; Carlton
et al.,, 2003]. The c.238-1G>C variant abolishes the
USP53-TJP2 interaction, which can result in weakening
of tight junctions and leakage of bile salts into the plas-
ma.

Conclusion

In this study, where we propose a model for the ter-
tiary structure of USP53 for the first time, together with
all these data, we support the association of biallelic vari-
ants of USP53 with cholestasis phenotype. Although the
USP53 gene has not yet been associated with any pheno-
type in OMIM, we propose to include USP53 in next-
generation sequencing panels used to investigate the ge-
netic etiology of hereditary cholestasis. In addition, we
recommend re-analysis of cholestatis patients who have
undergone exome sequencing and for whom no genetic
diagnosis has been established.
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