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Report of a missense TJP2 variant associated to PFIC4 with a
pronounced phenotypic variability: Focus on the structural

effects on the protein level
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PFIC4 is a chronic liver disease which cannot be diagnosed based on clinical and biochemical findings with an unpredictable
evolution. Here, we reported three consanguineous families with 9 children suffering from intrahepatic cholestasis with low GGT-
activity. Three probands were chosen to undergo genetic testing. In silico analyses were conducted to assess the functional impact
of the identified variant, along with variants occurring at highly conserved positions within the protein. Additionally, close clinical
monitoring was carried. Targeted-NGS sequencing ruled out the diagnosis of PFICT and PFIC2. Subsequently, WES allowed the
establishment of PFIC4 diagnosis for the three families through the identification of a homozygous TJP2 variant p. Gly532Arg
classified as likely pathogenic with a structural damage predicted based on biomolecular modeling and simulation analysis. In-
depth in silico analysis of 90 nsSNPs occurring in highly conserved residues in PDZ domains showed 14 ones seems to be relevant
in the clinical practice. Clinically, a pronounced phenotypic variability is noted. In conclusion, our study described a homozygous
missense PFIC4-related variant with a highlight on the pathogenic power of such types of variants. The clinical evaluation provided
information about the importance of close monitoring to prevent liver failure and clarified the unexpected course of PFIC4.
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INTRODUCTION
Progressive familial intrahepatic cholestasis (PFIC) is a hetero-
geneous group of autosomal recessive hepatobiliary diseases
caused by defect in bile secretion or transport and lead, in several
cases, to liver failure. Until 2013, three main subtypes of PFIC
(PFIC1, PFIC2 and PFIC3) have been thoroughly characterized with
a recognized clinical, histological and biochemical pattern for each
form [1]. Lately, whole-exome sequencing (WES) have expanded
the knowledge about the genetic background of this group and
allowed the characterization of 9 others PFIC forms (From PFIC4 to
PFIC12), all related to biallelic mutations in genes involved in the
complex process of bile secretion (https://www.omim.org/). The
clinical attributes of these forms seem to be overlapping, making
the clinical diagnosis a challenging task [2].

PFIC4 has been firstly described in 2014 as a form of PFIC
related to biallelic mutations in TJP2 gene and presenting an early
onset ( < 6 months), low Gamma-Glutamyl Transferase (GGT) levels

with a risk of extrahepatic manifestations [3]. Subsequently, others
genetically-confirmed PFIC4 cases have been reported exhibiting
a variable degree of severity of their liver disease and differential
outcome [4, 5]. Besides, a biallelic mutation in TJP2 gene has been
also described, alone or in association with a BAAT mutation, in
patients with familial hypercholanemia (FHC), a non-progressive
liver disease characterized by pruritic and fat malabsorption [6].
Moreover, it has been documented that monoallelic TJP2 variant
can be observed in Benign Recurrent Intrahepatic Cholestasis
(BRIC) or Intrahepatic Cholestasis of Pregnancy (ICP) [7, 8]. PFIC4,
FHC, ICP, and BRIC disorders all appear to fall within one spectrum,
despite differences in severity. The amount of TJP2 alteration
determines the developed phenotype. Nevertheless, the implica-
tion of other genetic or environmental factors must also be taken
into consideration.

The TJP2 gene encodes for TJP2 protein (1190 residues), also
called Zonula Occludens-2 (ZO-2) protein. It is a multidomain
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scaffold molecule with three N-terminal PDZ domains, SH3
module and GuK domain, in addition to an acidic and proline-
rich C-terminal region. Through these domains, ZO-2 established a
wide range of interactions [9, 10]. Particularly, in the liver, ZO-2 is
involved in the maintenance of a correct hepatocytes’ polarity
through its interactions with cytoskeletal and integral membrane
proteins. The disruption of this polarity affects the stability of
canalicular transporters and their function, leading to an impaired
bile secretion [11].

Referring to HGMD, the majority of TJP2 mutations associated
with progressive liver disease are predicted protein-truncating
mutations (PPTMs) leading to a total absence of TJP2 expression.
The clinical interpretation of missense TJP2 variants in the case of
PFIC4 remains unclear [4]. To overcome this problem, a panoply of
in silico tools could be used to shed light on the pathogenic effect
of such type of variants. This approach is widely applied to identify
pathogenic nsSNPs with putative relevance in the molecular
genetic testing [12-15].

In this study, we reported three families including 9 affected
children suffering from intrahepatic cholestasis with low GGT-
activity. WES was conducted allowing the establishment of PFIC4
as the accurate diagnosis. Intensive in silico study and structural
modeling were applied to understand the molecular mechanism
behind the pathogenicity of the identified variant. In depth in
silico analysis of the already described missense TJP2 variants
occurring in highly conserved residues was applied to assess the
pathogenicity of such types of variants, poorly investigated in
PFIC4. Comparative analysis of the symptoms and onset and the
clinical course among the studied cases documented both inter
and intrafamilial phenotypic variability.

RESULTS

Clinical features of the studied patients

Here, we described three consanguineous families with nine
affected siblings presenting with cholestatic liver disease (Fig. 1).
Since the first clinical examination, the UDCA and fat-soluble
vitamins were administrated. A regular follow-up was maintained
for seven patients. Clinical and biochemical data at the onset, as
well as the current outcome are summarized in Table 1.

Family 1 : It is large, with six affected children; however, DNA
samples were available for only four of them. Patient IV.3 was the
proband selected for WES analysis. He underwent intensive clinical
explorations including histological investigations at the moment
of diagnosis revealed a mild portal fibrosis associated with
canalicular and hepatocellular cholestasis, in addition to feathery
degeneration and rosetting of the hepatocytes evolving towards a
pronounced portal and septal fibrosis marking a pre-cirrhotic
stage (Fig. 2, 3).

Families 2 and 3 : They included two twins and three patients,
respectively with IV.2 from each family was chosen for genetic testing.

All patients were referred to the medical care at an age ranging
from 2 to 10 months. Variable motifs at presentation as well
variable course of the disease were noted. More details concern-
ing these patients are provided in supplementary appendix.

Genetic testing

After ruling out diagnoses of PFIC1 and PFIC2, WES was
performed. Following the implementation of the filtration process,
a refined list of variants was obtained for further analysis. After
applying the in silico panel of PanelApp (Neontal cholestasis: 96
genes), identical pathogenic homozygous variation was identified.

Family 1
|
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Family 2 Family 3
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O Healthy @ W Affected @ M Died

Fig. 1

Pedigrees of the studied families presenting with an intrahepatic cholestasis. Arrows indicates the proband choosen from each family

for WES analysis. Asterisk indicates patients for whom neither DNA nor clinical data were available
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Fig. 2 H&E-stained sections of patient 3 from family 1 at the moment of diagnosis (5 months). A Inflammatory infiltrates (blue Arrow)
associated with mild portal fibrosis (black arrow) (original magnification x100). B Canalicular and hepatocellular cholestasis (blue arrow) with
feathery degeneration and rosetting of the hepatocytes (black arrow) (original magnification x200)

(Al

[B]

Fig. 3 Histological findings of patient 3 from family 1 at the age of 4 years showing the progression of the liver disease. A Pronounced portal
and septal fibrosis marking a pre-cirrhotic stage revealed by H&E staining (1) and confirmed by reticulum coloration (2) (highlighted by dotted
circle) (original magnification x100). B Original magnifcation x200 confirming the advanced fibrosis and showing a neoductulare proliferation

(black arrow)

The mutation, localized at the exon 11 of TJP2 gene (c.1594 G > A),
leads to the substitution of the Glycine at the position 532 by an
arginine (p.Gly532Arg). This variant occurs in PDZ3 domain,
considered as a functional domain within TJP2 protein

According to GnomAD v4, this variant possessed a minor allele
frequency (MAF) equal 2.052e-06 and has been never described at
homozygous state. Furthermore, Mobidetails’ pathogenicity pre-
diction tools, as well as Mutpred results, all produced predictions
supporting its causality (CADD:31, Revel:0.72, Poly-Phen:1, Alpha-
Missense:0.993, ClinPred:0.999, Mutpred : 0.945)

Targeted sequencing of exon 11 confirmed parental hetero-
zygosity and the presence of the variant in a homozygous state in
all affected individuals in line with an autosomal recessive
inheritance pattern.

Taken together, these data allowed the classification of the
p.Gly532Arg as likely pathogenic according to the ACMG
classification (PM1, PM2, PP1, PP3). Consequently, PFIC4 was
retained as the accurate diagnosis.

In depth in silico analysis of the identified variant

Predictive results of Gly532Arg. Once the variant was retained,
additional analysis were performed. This analysis denied a
putative impact of the change c.1594G>A on the splicing
process. As on the protein level, results showed that the
substituted residue belongs to the PDZ3 domain of TJP2 protein
(509-590). It is a highly conserved residue (ConSurf score equal to
9) and exhibits a slight intolerance (0.57) to genetic variants. A
thorough examination of PDZ3 via ConSurf showed that 70% of
their residues are conserved (ConSurf score 8/9) in favor of its

SPRINGER NATURE

importance. Besides, the intolerance to genetic variants is a trait
shared by most PDZ3 residues, whose MetaDome scores range
from 0.68 to 0.41 (Fig. S1). These findings highlighted the
importance of the PDZ3 domain harboring the identified variant.

In the other part, a Grantham distance of 125 was attributed to
the Gly to Arg substitution, reflecting the high difference of the
biochemical properties between both residues. In fact, Glycine's
simple side chain allows for more flexibility of the backbone. On
the other hand, the Arg is a very hydrophilic residue that prefers
to reside on the surface of proteins and has a high potential for
interactions with other hydrophilic residues, water, or organic
compounds. Considering these observations, the deleterious
effect of such change, especially at the structural level, seems to
be accentuated. To delve deeper in this hypothesis, we performed
a structural phenotyping of the variant through SNPeffect. Results
showed that the p.Gly532Arg increased the aggregation tendency
of the mutated protein with a dTANGO = 97.8 > 50. Besides, the
Gly532Arg leads to a less soluble and stable TJP2 protein
compared to the WT one according to the predictions supplied
by SODA (-6.7) and FoldX (AAG = 4.99 kcal/mol), respectively.

Structural modeling and simulation. The homology model of the
PDZ3 domain exhibits a typical fold, characterized by six 3 strands
and three a helices arranged in a  barrel fold (Fig. 4A). The p.
Gly532Arg variant resides at the C-terminal edge of the loop
connecting the $2 and B3 strands within PDZ3. By performing a
structural alignment with the PSD-95 PDZ domain [16], we
inferred the putative binding site of PDZ3. This interaction groove
involves residues from the P strand and a2 helix (Fig. 4A).

Journal of Human Genetics (2025) 70:331-339



~
Interaction
groove

(D) 20

B. Khabou et al.

RMSD (A)

= Mutant = Wild Type

0.0

50 100 150 200

Time (ns)

250 300

)

T

RMSD (

-
514-518

= Mutant = Wild Type

T, 578-582
Argss; s

525

Wild Type Mutant

507

(F) (G)

517
527

537

547

2
3

4 Residue
# Residue

557

vl
S

567

&
<

N

"
.

|}
597 e B %
507 527 537

517 547 557

# Residue

567 577

550
Residue

575 600

1.00

-0.50

-1.00

527

537 547 557

# Residue

Fig.4 Molecular modeling and dynamics simulation of the TJP2 PDZ3 domain. A Homology model of the TJP2 PDZ3 domain highlighting the
location of residue Gly532. The blue sticks indicate residues of the interaction groove located on the a2 helix and 2 strand. B Interaction of
the residue Arg532 in the variant structure with residues Q554 and A526, as mapped on the homology model. C RMSD time evolution of Ca
atoms during the molecular dynamics simulation, fitted and calculated relative to the first frame of the trajectory. D Violin plot showing the
RMSD distribution, fitted and calculated relative to the average structure of each trajectory. E Plot of per-residue RMSF. F, G Heatmap of the
cross-correlation matrix for the reference and variant structures, respectively. Black rectangles highlight segments where the dynamic profile

has changed the most

Although residue 532 is not part of the groove, it is situated in
close proximity to residue A526 (Fig. 4B). Upon mutation, we
observed that residue R532 can establish several polar contacts,
utilizing its elongated side chains to interact with residues Q554
and A526 (Fig. 4B).

We conducted molecular dynamics simulations for the refer-
ence and p.Gly532Arg variant structures, totaling 300 ns. During

Journal of Human Genetics (2025) 70:331-339

the simulation, the Root Mean Square Deviation (RMSD) exhibited
equilibration around 15 ns, followed by two plateau phases (90 ns
to 110ns and 110 ns to 300 ns) (Fig. 4C). Overall, the simulation
converged, with RMSD remaining below 2A. Notably, the
p.Gly532Arg variant displayed more fluctuation throughout the
300 ns, occasionally exceeding 2 A. When calculating RMSD using
an average reference structure, the variant’s structure showed
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greater variability (Fig. 4D). Specifically, the Mean RMSD values
were 091A for the reference and 0.98 A for the variant. The
variances of RMSD between the two simulations significantly
differed based on an F-test (p value = 1.11E-16).

Subsequently, we investigated the per-residue fluctuation by
constructing the Root Mean Square Fluctuation (RMSF) profile
(Fig. 4E). In both the reference and variant trajectories, we
observed increased flexibilities in specific segments. Specifically,
segment 514-518 encompasses the 31 strand and part of the 1-
32 connecting loop, while segment 578-582 covers the a2-B5
connecting loop and the two N-terminal residues of the 5 strand.
Notably, the RMSF peaks differ by 0.47 A and 0.59 A for the first
and second segments, respectively.

After the equilibration phase of each trajectory, we computed
the dynamic cross-correlation matrix (Fig. 4F, G). The resulting
heatmap revealed distinct patterns between the reference and
variant structures. Notably, the p.Gly532Arg variant exhibited
stronger correlated movements near the variant site, spanning
segment 532-555. In contrast, the same segment showed reduced
movement correlation in the reference sequence. Additionally,
certain other segments displayed anti-correlated movements in
the variant.

We then analyzed the hydrogen bond network which revealed
that Gly532 in the reference structure formed a polar contact with
Gly528, persisting for at least 10% of the simulation time. This
contact occurred via a main chain-to-main chain interaction. In
contrast, Arg532 in the variant’s structure not only maintained the
polar contact with Gly528 but also established new contacts with
Asn529 and Arg564. Overall, Arg532 in the variant’s structure
participated in a total of 40 hydrogen bonds with varying
occupancies. In comparison, the reference structure exhibited
only three hydrogen bonds involving Gly532.

In silico analysis of nsSNPs in highly conserved positions of
PDZ domains

Referring to GnomAD v4.1.1, we retrieved 90 nsSNPs altering
highly conserved residues in PDZ domains and possessing a very
low MAF. CADD scoring showed 66 nsSNPs present a CADD score
between 20 and 29.9, thus possessing a putative pathogenic effect
while 21 ones present a CADD score>30, so selected as the most
pathogenic variants (Table S1).

The 21 nsSNPs were subject of additional analysis. Firstly, a
comparative analysis of Grantham distance showed that the
changes between WT and mutated residues were radical or
moderately radical for only 8 variants. In the other part, FoldX
results revealed that TJP2 is destabilized to varying degrees by 14
nsSNPs, with p.Asp76Asn and p.Gly528Ser being the most
destabilizing. According to SODA study, 14 and 7 nsSNPs result
in less soluble and more soluble TJP2 protein, respectively
(Table S2).

DISCUSSION

In this study, we reported three consanguineous families including
nine individuals suffering from intrahepatic cholestasis with low
GGT activity. One proband from each family underwent WES after
a negative customized sequencing panel followed by and in-
depth in silico research to gain a deeper understanding of the
variant’s impact. Clinically, a regular follow-up was maintained for
5 patients for a period ranging from 3 to 15 years.

Singleton WES analysis revealed the presence of the same
substitution ¢.1594 G > A (p.Gly532Arg), in the three probands, in
homozygous state in the exon 11 of TJP2 gene. This variant has
been reported once in two double-diagnosed patients harboring
two causative mutations in TJP2 and DNAIT behind PFIC4 and
Ciliary dyskinesia primary 1, respectively without conducting
additional research into the potential effects of these variants on
the mutated proteins [17]. In our study, the p.Gly532Arg variant

SPRINGER NATURE

was confirmed to be homozygous in all affected individuals. Its
pathogenicity was predicted using in silico tools. While such
analyses cannot replace functional characterization, the damaging
effect appears highly likely, as p.Gly532Arg received high
pathogenicity scores from MutPred, CADD, and REVEL—three
tools that have demonstrated excellent predictive performance in
previous studies [18-20]. Supporting this assertion, we observed a
correlation between functional impact and predictive scores in
other TJP2 variants known to disrupt protein expression, including
p.Leu79Arg, p.Leu525Ser, and p.Gly737Ser. Similar to p.Gly532Arg,
these variants exhibited high MutPred scores (> 0.9), CADD scores
(>28), and REVEL scores (> 0.7). Furthermore, additional analyses
aimed at understanding the molecular disease mechanism of
p.Gly532Arg revealed a potential effect on both protein solubility
and stability, likely due to structural disruption.

To give deeper insights into the structural changes caused by
the Gly to Arg replacement, molecular modeling and dynamics
simulation of the TJP2 PDZ3 domain were performed. Significant
differences in stability between the reference structure and the
mutated structure were revealed. In the reference structure,
Gly532 is located at the beginning of the B3 strand, where it likely
contributes to the adaptability and stability of the  strand by
reducing conformational strain [21]. Glycine’s small size and
flexibility are advantageous in maintaining the integrity of the
strand and the overall structure. In contrast, the introduction of
the larger and more rigid Arginine residue introduces steric
hindrance and potential for unfavorable interactions, leading to
structural instability. Such effects could impair the protein function
[22, 23]. This instability is not confined to the local environment
around the residue but extends to key segments, particularly
those affecting the rigid secondary structure elements. The
increase in flexibility at the a2-B2 connecting loop suggests that
the interaction groove interface, critical for the domain’s function,
may also be destabilized. Our results also showed that the
introduction of Arg532 disrupts the dynamic pattern of the PDZ3
domain, potentially propagating its effects to distant segments of
the protein. The ability of Arginine to form strong polar
interactions could further explain these observations. Unlike
Glycine, Arg532 engaged in many hydrogen bond interactions,
which may alter the local environment and protein dynamics
significantly. This propensity for establishing polar interactions
could lead to an overall disruption in the PDZ3 domain’s structural
and dynamic integrity. Our findings align with previous studies,
which have demonstrated that the dynamic pattern of the PDZ3
domain is highly sensitive to changes in the protein structure [24].

Since TJP2 has been characterized as a scaffold protein, which
associated several protein, it seems that the TJP2 protein
harboring the p.Gly532Arg will lost its binding affinity to ZASP,
the binding partner of PDZ3 [10]. Further, we sought that similar
consequences could be observed with missense variants in PDZ1,
PDZ2 or PDZ3 domains, three crucial protein-binding domains of
TJP2 [25]. Indeed, our study showed that 21 ns SNPs occurring in
highly conserved residues of these domains, are highly patho-
genic (CADD > 30) with an impact on structural stability and/or
solubility of 14 ones. Despite their pathogenicity, the biochemical
difference between WT and Mutated residues for 13 nsSNPs is low.
This finding elucidated that the deleterious effect of missense
substitution is mostly related to the functional importance of the
WT residue, rather than to changes in the physic-chemical
properties between WT and mutated residues [26, 27]. Conse-
quently, our in silico analysis shed light on the deleteriousness of
missense variants in TJP2, especially those altering highly
conserved residues occurring in the functional domains. We
suggested that this type of variant must be considered in the
context of TJP2-related diseases.

Although such substitutions in TJP2 could have drastic impact,
our study constitutes the second report of homozygous missense
mutation related to PFIC4. Indeed, the majority of PFIC4 patients
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lack the TJP2 expression due to PPTMs. Only five missense variants
(p.Leu79Arg, p.Leu525Ser, p.Gly737Ser, p.Glu401Gly, p.Val69Met)
have been described in compound heterozygous status with
truncating ones [3, 4, 28, 29]. Referring to the literature, three
homozygous TJP2 variants have been described as associated to
ICP (p.GIn128Lys & p.Arg20His) or FHC (p.Val48Ala), two mild liver
diseases [6, 30]. An in silico analysis including all missense variants
was performed to compare their pathogenicity (Table 2). Results
showed that both GIn128Lys and Arg20His are predicted as
neutral, while the remaining ones present equivalent predictive
scores with the exception of p.Glu401Gly, whose impact appears
to be less pronounced. We suggest that a threshold for residual
TJP2 expression/function should exist in order to ascertain if
homozygous missense variants cause PFIC4 or less common
hepatic disorders like ICP or FHC.

Clinically, p.Gly532Arg has been already reported in two
patients presenting a variable clinical severity at diagnosis ranging
from hypertransaminasemia and hepatosplenomegaly to liver
cirrhosis requiring a liver transplant [17]. In our study, we reported
likewise a phenotypic heterogeneity, both in terms of symptoms
and clinical outcomes. Indeed, four patients present a stable liver
disease. In the other part, three ones manifested an unfavorable
evolution and waiting for liver transplant or died at an ages of 11-
and 10-years, with one of them developing HCC. A similar issue
has already been documented in PFIC4 patients [31]. In the other
part, this phenotypic variability has been reported among PFIC4
patients lacking the TJP2 expression. Besides, an intrafamilial
variability in the expression of PFIC4 has been described in a
Syrian family with six children, harboring p.GIn1112* and present
either a cirrhosis with signs of portal hypertension or only elevated
enzymes levels. Authors suggested an age-dependent penetrance
as a putative explanation of this variability [5]. In a similar context,
an incomplete penetrance of a TJP2 mutation responsible for
Congenital Hearing loss has been shown in an Iranian family [32].
Additionally, a recent study reported, for the first time, the
coexistence of PFIC4 and hearing impairment in Chinese child
carrier of biallelic TJP2 variants [33]. All these data provide
cumulative evidence about the variable expressivity of TJP2
variants and deny the presence of a genotype-phenotype
correlation in PFIC4. Consequently, the evolution of PFIC4 disease
cannot be predicted based solely on the genotype and an
ongoing clinical monitoring remains crucial to avoid rapid
progression to end-stage liver disease.

In conclusion, our study constitutes the second report of the
homozygous missense variant (p.Gly532Arg) in PFIC4 with an
elucidation of its impact on the structural level. The pathogenic
effect of such substitutions on TJP2 function and structure has
been also highlighted. Furthermore, the clinical follow-up of the
cases under study revealed PFIC4’s intrafamilial and interfamilial
phenotypic variability, demonstrating that the disease’s unpre-
dictable progression calls for constant clinical surveillance.
However, the absence of a functional characterization of the
found variant is a major limitation in our study. Such analysis
requires labor-intensive methods and technical expertise that are
unavailable.

PATIENTS AND METHODS

Patients

Our study focused on three consanguineous families comprising nine
individuals who experienced a liver disease with varying degrees of
severity. Interviews with guardians and elders in the family helped to
establish the medical history of each family as well as the relationships
among its members (Fig. 1). Subjects IV.3 (Family 1), IV.2 (family 2) IV.2
(Family 3) were referred to the pediatric department of Hedi Chaker (Sfax)
and Taher Sfar (Mahdia) hospitals, respectively following a prolonged
jaundice during the neonatal period. Intensive explorations allowed the
retention of the diagnosis of intrahepatic cholestasis with normal GGT
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range after the exclusion of the other causes (infections, biliary atresia,
primary sclerosing cholangitis.). These patients were chosen as probands
for the genetic screening.

Due to the family history of the cholestasis, the same diagnosis was
retained for the remaining affected individuals presenting all a persistent
jaundice except IV.2 from family 1 which suffered only from intense
pruritus at the onset.

The three probands were known to be free of mutations in ABCB11
(NM_003742.4) and ATP8B1 (NM_001374385.1) following a genetic
analysis elaborated at common laboratory of Biology and Molecular
Genetics of Saint-Antoine Hospital in Paris. Subsequently, PFICT and PFIC2
are excluded and a WES remains the only way to establish the diagnosis.

Methods

DNA extraction. The study was carried out in accordance with the local
ethics committee’s ethical guidelines. For the genomic study, informed
consent was acquired from each participant or his or her legal
representative before the collection of peripheral blood samples. Subse-
quently, a genomic DNA extraction was conducted using the MagicPure®
Blood Genomic DNA Kit from Transgen biotech [34].

Whole exome sequencing.  Firstly, the three probands were the subject of a
genetic testing through a customized panel (10 genes) designed in 2014
for the diagnosis of hereditary cholestasis and cholelithiasis. The frame-
work of this analysis was detailed previously [35]. This analysis revealed the
absence of disease-causative variants.

Subsequently, a WES was conducted for a proband from each family to
determine the causative mutation. Full details concerning the WES analysis
and data analysis are included in the supplementary appendix.

Sanger sequencing. To confirm the segregation pattern of the identified
variant in TJP2 gene (NM_004817.4), we applied a Sanger sequencing
using the DNA samples of the remaining patients and the parents of the
probands. The sequence of interest was amplified by PCR using the
following couple of primers TJP2_F 5" TCTTCACCAGTAACCAGGGACCT3’
and TJP2_R 5" GAAGACAGGACGCATTTGAGGA3". The PCR reaction has
been conducted according to the following conditions (30 cycles of
denaturation at 95 °C for 30s, hybridization at 60 °C for 30 s and extension
at 72 °C for 40 s). Purified amplicons have been sequenced using ABI Prism
BigDye Terminator Cycle Sequencing Ready Reaction Kit (ABI PRISM/
Biosystems).

In silico analysis

Pathogenicity prediction: To establish an accurate interpretation of
the TJP2 variant in the context of molecular diagnosis, we referred to five
in silico tools including ConSurf, Mobidetails, SNPeffect, FoldX et SODA
(Table S1).

Exhaustive in silico analysis of missense TJP2 variants in PDZ
domains: In order to give deeper insights into the pathogenicity of
missense TJP2 variants occurring in highly conserved residues (ConSurf
score =9) of PDZ domains, we referred to GnomAD v4.1.1 to retrieve
nsSNPs affecting these positions and possessing MAF < 0.01%.

These nsSNPs were the subject of an assessment of Grantham distance
and CADD scoring. Because they are expected to be among the 0.1% most
harmful changes in the human genome, nsSNPs TJP2 variations with CADD
scores, greater than 30, are chosen as the most pathogenic [36]. These
ones were the subject of additional in silico analysis for a better
characterization of their effect.

Molecular modeling and simulation analysis: The reference
sequence for the TJP2 protein was obtained from the UniProt entry
Q9UDY2. This protein consists of 1190 amino acids. The variant
p.Gly532Arg is situated within the PDZ3 domain, spanning residues 506
to 590. A homology search followed by a construction of TJP2 PDZ3
domain model (WT and mutated) was performed. More details were
provided in the supplementary appendix. We conducted molecular
dynamics simulations using the AMBER 20 suite [37] for both the reference
and p.Gly532Arg variant structures. Details concerning the simulations
were included in the supplementary appendix. Finally, we analyzed the
molecular dynamics data using Pytraj [38] and MDtraj [39].
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