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Abstract

Among genetic disorders of vesicular trafficking, there are three causing recur-
rent acute liver failure (RALF): NBAS, RINT1, and SCYL1-associated disease.
These three disorders are characterized by liver crises triggered by febrile infec-
tions and account for a relevant proportion of RALF causes. While the fre-
quency and severity of liver crises in NBAS and RINT1-associated disease
decrease with age, patients with SCYLI variants present with a progressive,
cholestatic course. In all three diseases, there is a multisystemic, partially over-
lapping phenotype with variable expression, including liver, skeletal, and ner-
vous systems, all organ systems with high secretory activity. There are no
specific biomarkers for these diseases, and whole exome sequencing should be
performed in patients with RALF of unknown etiology. NBAS, SCYL1, and
RINT1 are involved in antegrade and retrograde vesicular trafficking. Patho-
mechanisms remain unclarified, but there is evidence of a decrease in concen-
tration and stability of the protein primarily affected by the respective gene
defect and its interaction partners, potentially causing impairment of vesicular
transport. The impairment of protein secretion by compromised antegrade
transport provides a possible explanation for different organ manifestations
such as bone alteration due to lack of collagens or diabetes mellitus when insu-
lin secretion is affected. Dysfunction of retrograde transport impairs mem-
brane recycling and autophagy. The impairment of vesicular trafficking results
in increased endoplasmic reticulum stress, which, in hepatocytes, can progress
to hepatocytolysis. While there is no curative therapy, an early and consequent
implementation of an emergency protocol seems crucial for optimal therapeu-
tic management.
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1 | INTRODUCTION

Pediatric acute liver failure (PALF) is a rare but life-
threatening event. Epidemiological data on PALF is
sparse,’ but it accounts for approximately 8% of pediatric
liver transplants performed in the United States
(US) annually.” Clinical signs of PALF include abdominal
pain, vomiting, jaundice, hepatosplenomegaly, ascites,
and hepatic encephalopathy. Although an internationally
standardized definition is lacking, PALF is most com-
monly defined according to the inclusion criteria of the
PALF study group in the US: biochemical evidence of
acute liver injury (elevated hepatic transaminase activity)
or hepatocyte dysfunction characterized by elevated bili-
rubin as well as hepatic coagulopathy (elevated interna-
tional normalized ratio (INR) > 1.5 with evidence of
hepatic encephalopathy, or INR > 2.0 with or without
encephalopathy) not corrected by vitamin K occurring in
children without a known chronic liver disease.* In cases
of recurrent episodes of acute liver failure, this definition
is challenged, as there typically is an underlying, predis-
posing, mostly genetic—and therefore known—chronic
condition affecting the liver. In most cases, liver function
recovers in the interval, but in some cases, hepatic trans-
aminases may remain above the upper limit of normal
also in between the episodes of acute decompensation.
The etiologies of PALF can be categorized as infectious,
metabolic, and other genetic, autoimmune, vascular,
toxin- or drug-related. In Europe, infectious and meta-
bolic diseases are the most common causes.” The etiology
of PALF remained unclear in up to 50% of cases,”®
which has improved by standardized diagnostic
approaches’ and in particular by the introduction of Next
Generation Sequencing techniques in the field of
hepatology.®

In this context, an increasing number of novel disease
genes have been identified as “new” causes of PALF in
recent years, which has significantly reduced the propor-
tion of indeterminate PALF.”'* This gain in knowledge
has been driven in particular by better availability of
exome and genome sequencing in routine diagnostics.
Among those are genetic disorders that predispose to epi-
sodes of severe liver dysfunction, which can be triggered
by fever, infection, fasting, or stress. As these triggers can
occur repeatedly, affected patients suffer from recurrent
acute liver failure (RALF). These disorders can be catego-
rized into four groups: urea cycle disorders (UCD), disor-
ders of energy metabolism, disorders of protein
translation, and disorders of vesicular trafficking.

Urea cycle disorders (UCDs) are caused by inherited
deficiencies of the enzymes or transporters of the urea
cycle pathway, leading to hyperammonemia. All UCDs

can be complicated by acute or chronic hepatic dysfunc-
tion, yet there are two predominant ones presenting with
RALF: ornithine transcarbamylase (OTC) deficiency
(OMIM #311250)">* and hyperornithinemia-
hyperammonemia-homocitrullinuria (HHH) syndrome
(OMIM#238970).'>'° Beside febrile infections, high pro-
tein intake or catabolic phases can trigger liver crisis in
these conditions. Disorders of energy metabolism present-
ing with RALF involve two specific mitochondrial dis-
eases: tRNA mitochondrial 2-thiouridylase deficiency
(TRMU; OMIM #613070)'” and Dihydrolipoamide dehy-
drogenase deficiency (DLD; OMIM # 246900).'® Disorders
of protein translation include a growing group of recently
identified cytosolic aminoacyl-tRNA synthetase (ARS)
deficiencies, associated with different tissue-specific phe-
notypes. These include biallelic pathogenic variants in
cytosolic leucyl-tRNA synthetase gene (LARSI) causing
infantile liver failure syndrome 1 (ILFS1; OMIM #
615438),>'%% biallelic pathogenic variants in cytosolic
isoleucyl-tRNA synthetase gene (IARSI) leading to growth
retardation, impaired intellectual development, hypotonia,
and hepatopathy (GRIDHH; OMIM # 617093)*** and
biallelic pathogenic variants in the cytosolic methionyl-
tRNA synthetase gene (MARSI) causing interstitial lung
and liver disease (ILLD; OMIM #615486).>>%> Also associ-
ated with the control of protein translation, Wolcott-
Rallison syndrome (WRS), caused by mutations in
EIF2AK3, presents with neonatal or early childhood-onset
diabetes, growth retardation, bone alterations with epiphy-
seal dysplasia and RALF (OMIM #226980).°%%’

However, the most prominent and emerging group
is disorders of vesicular trafficking with NBAS (neuro-
blastoma amplified sequence) deficiency as the most
prevalent disease entity in this category.® Disorders of
cellular trafficking are inherited in an autosomal-
recessive fashion, and to date, 346 genes have been
shown to be involved in intracellular trafficking and
linked to human disease.?® Although cellular trafficking
is an essential process in all cell types, defects in specific
components of the trafficking system often manifest as
tissue-specific phenotypes.® While a relevant fraction of
these diseases affect the liver, only three are causing
RALF (Figure 1)**: infantile liver failure syndrome type
2 (ILFS2) and type 3 (ILFS3) caused by pathogenic
variants in NBAS and RINTI, respectively, as well as
CALFAN (low gamma-glutamyltransferase (yGT)-chole-
stasis, acute liver failure triggered by febrile infections,
and neurodegeneration) syndrome associated with
mutations in SCYLI (SCY1 like pseudokinase 1). This is
the first systematic overview of the clinical presentation
and pathomechanisms of these three vesicular traffick-
ing disorders presenting with RALF.
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Role of NBAS, RINT1, and SCYL1 in vesicular trafficking. NBAS together with RINT1 and ZW10 form the NRZ complex

which is part of the Syntaxin18 complex, a target soluble N-ethylmaleimide-sensitive factor attachment protein receptor (t-SNARE) at the

endoplasmic reticulum, responsible for the docking and fusion of COPI vesicles in the retrograde transport between the GOLGI apparatus

and the endoplasmic reticulum (ER). This same NRZ complex is equally involved in anterograde transport at the ER exit site, interacting
with the TANGO1/cTAGE5/TANGO1-short ring for arising COPII vesicles to recruit ERGIC/COPI membranes.*® SCYL1 scaffolds COPI
vesicles in retrograde transport at the cis Golgi stack. Furthermore, it plays a role in GOLGI morphology. BNIP1, BCL2 interacting protein 1;
ERGIC, ER-Golgi intermediate compartment; NBAS, neuroblastoma amplified sequence; NRZ complex, NBAS, RINT1, ZW10 complex; p31,
Vesicle transport protein USE1; RINT-1, RADS50 interactor 1; SCYL1, SCY1 like pseudokinase 1; Sec22b, SEC22 homolog B; Sly1:
SH3-domain protein expressed in Lymphocytes 1; STX18, Syntaxin-18; ZW10, zw10 kinetochore protein.

2 | MAIN

2.1 | Infantile liver failure syndrome
type 2—NBAS

Biallelic pathogenic variants in the neuroblastoma-
amplified sequence (NBAS) gene are associated with a
heterogeneous spectrum of clinical symptoms affecting
multiple organ systems. By 2023, more than 160 cases
have been published.’*™** Patients in the literature origi-
nate from all continents and there is a wide genetic diver-
sity with more than 70 distinct pathogenic variants
identified.

NBAS-associated disease was first described in 2010
in the Yakut population, an isolated population living in
the east of Russia. A homozygous missense variant (c.
[5741G>A]; p.[Argl914His]) was identified causing a
clinical syndrome with short stature, optic atrophy, and

Pelger-Huét anomaly (SOPH syndrome; MIM: 614800).
Next, in 2015 biallelic variants in NBAS were associated
with RALF referred to as infantile liver failure syndrome
type 2 (ILFS2; MIM: 616483)."" In 2020, a genotype-phe-
notype-association was described, dividing the pheno-
typic spectrum into three clinical subgroups based on the
affected region of the NBAS protein (pf propeller domain,
Sec39 domain, C-terminus).* Still, this subgroup classifi-
cation has its limitations, as it cannot be applied to all
genotypes, and phenotypes may differ within one sub-
group. Nevertheless, the classification applies to the
majority of patients and simplifies the presentation of
the heterogeneous phenotype.

Patients with missense variants affecting the Sec39
domain of NBAS present a predominantly hepatic pheno-
type, characterized by RALF. The only commonly
reported trigger of liver crises is febrile infections. Typi-
cally, the first liver crisis occurs in infancy (median age of
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onset 12 months), with a decreasing frequency and sever-
ity with increasing age. However, there are also cases of
acute liver failure in early adulthood in this subgroup.
Most patients suffer at least one severe crisis that meets
the PALF study group inclusion criteria. Besides the
fever-associated liver crises, Sec39 patients show normal
liver function in the interval and only a few other disease
manifestations, including short stature in about one-third
of cases, mild facial anomalies, and NK (natural killer)
cell deficiency to some extent (Table 1; Figure 2,
Table S1).**

Patients with missense variants affecting the
C-terminal part of the NBAS protein present with a mul-
tisystemic phenotype including short stature, delayed
bone age, reduced bone mineral density (up to an osteo-
genesis imperfecta phenotype), marked facial dysmorph-
ism, cutis laxa, reduced levels of immunoglobulins, optic
atrophy, motor development delay, muscular hypotonia,
and insulin-dependent diabetes (Table 1; Figure 2,
Table S2).>°** Unlike in the Sec39 subgroup, these symp-
toms are independent of the patient's body temperature
and do not improve with age. Most patients present with

TABLE 1

Affected gene
Subgroup

Liver

Triggers of liver
crisis

Age at onset of
liver crises
(median)

Mortality
Skeletal system

Nervous system

Immune system

Facial
appearance

Others

NBAS-associated diseases

Clinical phenotypes of NBAS, RINT1, and SCYL1 deficiency.

NBAS

ILFS2*

PALF/RALF; typically,
massively elevated
transaminases

Fever/infection

12 months
(n = 26; range:
0-39 months)

7 (n = 36)

Short stature

Mild brain atrophy

Reduced NK cell number
and function

Mild/some patients: flat
cheekbones,
hypotelorism

SOPH*

Continuously elevated
hepatic transaminases,
increase during crisis

7 months
(n = 12; range: 0-
132 months)

4 (n = 28)

Short stature, vertebral
body abnormalities,
delayed bone age,
reduced bone mineral
density

Motor development delay,
muscular hypotonia,
optic atrophy

Reduced levels of
immunoglobulins
reduced NK cell number
and function

Marked: triangular face,
broad forehead,
progeroid appearance

Endocrine system: insulin-
dependent diabetes

ILFS3

RINT1

PALF

Fever/infection

12 months
(n = 5, range:
8-120 months)

3(n==6)

Short stature, vertebral
body abnormalities,
kyphosis, wormian bones

Motor development delay,
spastic paraparesis,
ataxia, nystagmus, optic
nerve hypoplasia,
intellectual disability

Wide forehead, low-set
ears, anteverted nose

Note: Description of the main clinical findings in patients with ILFS2, SOPH, ILFS3, and CALFAN syndrome.

Abbreviations: CALFAN, low yGT-cholestasis, acute liver failure triggered by febrile infections, and a variable neurodegeneration; ILFS2, infantile liver failure

CALFAN syndrome

SCYL1

Recurrent low-yGT
cholestatic liver
dysfunction, developing
fibrosis, PALF

Fever/infection

12 months
(n = 20; range:
4-48 months)

0(n=23)

Short stature, hip/femur
dysplasia, scoliosis,
lumbar lordosis, vertebral
abnormalities

Peripheral neuropathy,
ataxia, tremor, global
developmental delay,
optic atrophy

Lung: recurrent episodes of
acute respiratory
insufficiency (n = 1)

syndrome type 2; ILFS3, infantile liver failure syndrome type 3; NK cell, natural killer cell; PALF, pediatric acute liver failure; RALF, recurrent acute liver
failure; SOPH, short stature, optical atrophy, and Pelger-Hu&t anomaly.
“Furthermore, there are patients with overlapping symptoms (combined phenotype), especially when variants affect the § propeller domain of the NBAS

protein.*?
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FIGURE 2 Frequency of phenotypic abnormalities in ILFS2, SOPH, ILFS3, and CALFAN syndrome. Human phenotype ontology terms

with a frequency of 2 and higher are displayed to show phenotypic differences in ILFS2, SOPH, ILFS3, and CALFAN syndrome. Underlying
individual data can be found in the supplemental Tables S1-S4. CALFAN, low y-glutamyl-transferase cholestasis, acute liver failure, and

neurodegeneration; ILFS2, infantile liver failure syndrome type 2; ILFS3, infantile liver failure syndrome type 3; NA, not available; NBAS,
neuroblastoma amplified sequence; RINT1, RADS50 interactor 1; SCYL1, SCY1 like pseudokinase 1; SOPH, short stature, optical atrophy,

and Pelger-Huét anomaly.

increased hepatic transaminases during febrile infections.
However, only a minority of patients fulfill the PALF cri-
teria and, in most patients, there is no normalization
when without fever, but continuously elevated transami-
nases and continuous hepatomegaly. A severe combined
phenotype with multisystemic involvement and RALF is
observed in most patients with missense variants affect-
ing the B-propeller domain of NBAS protein. Notably, the
lethality of fever-associated PALF is high in this group
(22%). For further details see Figures S1, S2 and
Table S3.*

Till today, two distinct cellular functions of the NBAS
protein have been reported: firstly, NBAS is involved in
retrograde and anterograde vesicular trafficking between
endoplasmic reticulum (ER) and Golgi. NBAS is a periph-
eral membrane component of an ER tethering complex

that interacts with the target soluble N-ethylmaleimide-
sensitive factor attachment protein receptors (t-SNAREs)
p31 (Vesicle transport protein USE1), BNIP1 (BCL2 inter-
acting protein 1), and STX18 (syntaxin18) at the ER and
the vesicle soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (v-SNARE) Sec22b (SEC22
homolog B) on transport vesicles,*® mediating the fusion
of Golgi-derived coat protein complex I (COPI)-coated
vesicles with the ER.*” NBAS serves as a link between
p31 and ZW10 (Zeste White 10)-RINT-1 (RAD50- inter-
acting protein 1) (Figure 1). In addition, the complex of
NBAS, RINT1, and ZW10 (NRZ complex) is necessary for
the protein TANGO1 (Transport and Golgi organization
protein 1 homolog) to recruit membranes of the ER-Golgi
intermediate compartment (ERGIC).* As a transmem-
brane protein at the ER, TANGOL1 is required for the
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assembly of coat protein complex II (COPII) vesicles for
the anterograde transport and export of proteins
(Figure 1).* This process links retrograde membrane flux
to anterograde cargo transport. In line with this function,
increased ER stress markers have been observed in NBAS
deficient patient cells,">** which may lead to hepatocyto-
lysis or cell death, although the precise mechanisms
remain to be elucidated.

The secondary role of the NBAS protein is localized
nonsense-mediated mMRNA decay (NMD).”® NBAS
recruits the NMD factor UPF1 (Regulator of nonsense
transcripts 1) to the membrane of the ER, thereby
enabling the degradation of NMD substrates translated in
the ER.>® It is hypothesized that this mechanism could
contribute to the chronic, multisystem phenotype in
NBAS-related disease.

2.2 | Infantile liver failure syndrome
type 3—RINT1

Biallelic variants in the RADS5O0-interacting protein
(RINT1I) gene, which like NBAS encodes a subunit of the
NRZ complex, are associated with a multisystemic dis-
ease affecting the liver, bone, and nervous system
(Table 1; Figure 2, Table S4).'*>® RINT1-associated dis-
ease (MIM: #618641) or RINT1 deficiency was first
described in 2019 in three unrelated individuals,' origi-
nating from Europe and East Asia. All three individuals
presented with the same splice variant (resulting in exon
skipping and a frameshift with premature termination)
combined with a missense variant or an in-frame dele-
tion. Patient fibroblasts showed decreased levels of
RINT1 protein compared to controls.'” In 2023, the
genetic and phenotypic spectrum was extended by three
further patients originating from Europe, sharing the
same in-frame deletion in the homozygous state or com-
bination with a loss-of-function variant.”® Five of the six
reported patients experienced at least one episode of
acute liver failure precipitated by fever; hence, this disor-
der was named infantile liver failure syndrome 3 (ILFS3;
OMIM # 618641). The onset of liver crises was very broad
and ranged from 8 months to 10 years of age. A total of
two patients died of PALF at the ages of 14 months and
3 years, respectively. Liver function fully or partially
recovered to normal function between acute episodes.
Whether the frequency and severity of liver crises
decrease with age, as is the case in patients with NBAS
deficiency, cannot be answered based on the existing
data. One patient showed normalized transaminases for
the first time at the age of 8 years, indicating an improve-
ment with age. However, another patient experienced his
first documented liver crisis as late as 10 years of age.

As in NBAS-associated disease, there are persistent
extrahepatic symptoms in RINTI-associated disease.
Notably, skeletal and nervous system involvement differs
significantly between the three patients reported by
Cousin et al.'’ and the three recently described by Lau-
nay et al.,” while there is phenotypic consistency within
each group. Considering that within each of the two
groups, all three patients share at least one variant, a
genotype—phenotype association in RINT1-associated dis-
ease seems likely. Additional data will help to further
investigate this association.

Skeletal symptoms include vertebral body abnormali-
ties with anterior beaking, and hypoplasia (resembling
individuals with lysosomal storage disease, such as muco-
polysaccharidoses), kyphosis, wormian bones, and short
stature (three out of six patients). Normal psychomotor
development is described for all three patients reported
by Cousin et al.'® The three recently described patients
expanded the phenotypic spectrum with profound
alterations of the nervous system including delayed
motor development, spastic paraplegia (onset between
18 months and 3 years of life), ataxia, nystagmus, and
optic nerve hypoplasia (Table 1, Table S4).>

As described above, RINT1 protein, together with
NBAS and ZW10 forms the NRZ complex, involved in
antegrade and retrograde transport between ER and
Golgi (Figure 1). Furthermore, RINT1 binds UV radia-
tion resistance-associated gene protein (UVRAG) to the
ER, linking Golgi-to-ER retrograde transport and autop-
hagy. When autophagy is initiated, UVRAG dissociates
from RINT1 decreasing Golgi-to-ER retrograde trans-
port.'>>* Moreover, abnormal Golgi morphology and
impaired autophagy were observed in RINT1 deficient
fibroblasts.'®

No effect on NBAS levels was observed in fibroblasts
of RINT1 patients in the Cousin et al.'° cohort, and all
three patients showed no neurological symptoms. How-
ever, in patients with neurological symptoms, a concomi-
tant reduction in NBAS and ZW10 levels was observed,
indicating a potential causal relationship between loss of
NRZ complex integrity and function and the neurological
phenotype.>

2.3 | CALFAN syndrome—SCYLI1

CALFAN syndrome (OMIM #616719) is a rare condition
in children characterized by low yGT-cholestasis, acute
liver failure triggered by febrile infections, and a variable
neurodegeneration. The underlying cause is biallelic
mutations in SCYLI, resulting in impaired protein func-
tion. Known variants are found throughout the entire
gene and affect all domains.
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The condition was initially described in 2015 as
SCAR21 (spinocerebellar ataxia, autosomal recessive 21;
OMIM #616719) in three patients from two families who
were found to have a predominant neurological pheno-
type with neurodegeneration and ataxia.”> An additional
study published in 2018 added seven more patients from
five families who presented with a predominant hepatic
phenotype with RALF and low-yGT-cholestasis.'* The
subsequently described patients exhibited a more variable
phenotype compared to the initial study. In addition to
the predominant hepatic phenotype with RALF triggered
by febrile infections, a spectrum of neurological symp-
toms was observed (speech delay, mental retardation,
secondary microcephaly, and variable motor dysfunc-
tion), while ataxia, polyneuropathy, cerebellar vermis
atrophy, and optic atrophy were the main symptoms
reported in the initial publication. Moreover, abnormali-
ties in other organ systems such as short stature and skel-
etal anomalies have been reported since then. The later
reported patients showed an early onset of liver disease
in the first year of life, with neurological symptoms
appearing progressively at a later stage, suggesting an
age-dependent progression of the neurological phenotype
(see also Table 1, Figure 2, and Table S5).'%*1°>763

SCYL1 is the approximately 120 kDa heavy product
of the SCYL1 gene located on the long arm of chromo-
some XI (11q13.1). The protein, composed of 808 amino
acids, contains an N-terminal protein kinase domain,
which is assumed to be catalytically inactive.®® At the
C-terminus is an interaction domain with COPB1
(Coatomer subunit beta). SCYL1 is expressed in all
human tissues, is localized in the cytosol, and has various
functions in cell metabolism. First, it directly interacts
with tRNA, facilitating their transport out of the
nucleus.®” Second, SCYLI1 is also involved in maintaining
Golgi homeostasis, and cells depleted of SCYL1 exhibit
an enlarged and disorganized Golgi apparatus.”® Last,
SCYL1 plays a crucial role in intracellular transport by
interacting with COPI via the C-terminus. Knockdown of
SCYL1 in cells results in impaired retrograde trafficking
of proteins from the Golgi apparatus to the ER,°® which
was also confirmed in patient cells.'*

3 | DISCUSSION

Disorders of vesicular trafficking causing RALF include
three recently identified, yet relatively frequent, genetic
causes. The collective review of these three autosomal
recessive entities (NBAS, RINT1, and SCYL1 associated
disease) shows a remarkable overlap of clinical symptoms
and protein functions, allowing knowledge transfer,
e.g., for pathomechanisms and therapies, and providing
ideas for further research.

3.1 | Clinical presentation
In all three diseases, fever-dependent acute episodes with
increased transaminases up to fulminant PALF can
occur. Comparing phenotypes of NBAS and RINT1
patients is limited by the small number of patients with
RINT1. Based on the patients known so far, there is rele-
vant clinical overlap, which is in line with both proteins
being subunits of the NRZ complex. The first liver crises
occur in infancy or childhood, which interestingly was
the age with the highest proportion of indeterminate
PALF in previous studies.> In NBAS-associated ILFS2,
high transaminases indicate severe hepatic cytolysis
(max. ASAT mean: 13359 U/L (n = 32); max. ALAT
mean: 9146 U/L (n = 32); Figure 3, Tables S1 and S2). In
patients with RINTI1-associated disease, the increase
in transaminases tends to be lower (max. ASAT mean
6753 U/L; max. ALAT mean 5481 U/L (n = 5); Figure 3,
Table S4). In both diseases, there are patients presenting
with complete normalization of transaminases between
intervals and patients with continuously elevated trans-
aminases. In all patients increase in transaminases is
fever-dependent. The frequency and severity of liver cri-
ses seem to decrease with increasing age in both diseases.

In line with different localization of SCYL1 within
the cell, the hepatic phenotype of patients with SCYL1
differs. The majority of cases have a progressive, chole-
static course, and hepatocytolysis is less fulminant
(Figure 3). In SCYL1 deficient patients, PALF is a rarer
event, also mainly occurring in the first years of
life.12,31,55765

The broad involvement of organ systems beyond the
liver reflects a relevant function of NBAS, RINTI, and
SCYL1 in several other cell types. Extrahepatic functions
are affected independently of the patient's body tempera-
ture, with a continuous, or even progressive course.
Although with different characteristics, all three diseases
involve the skeletal and nervous systems. NBAS defi-
ciency displays the widest spectrum of organ involve-
ment, with alterations of the immune system, endocrine
system, or integument. Yet, with more than 160 patients
known, NBAS deficiency presents by far the largest
cohort. Likely, the identification of additional patients
with pathogenic RINTI and SYCL1 variants will broaden
the phenotypic spectrum of these diseases (Tables S1-S5).

3.2 | Diagnosis

A recent study showed that in 37% of PALF cases of
unknown etiology, a genetic diagnosis could be estab-
lished by whole exome sequencing (WES),® highlighting
the importance of genetic causes of PALF. In RALF, even
approximately 60% of cases can be solved with WES.
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CALFAN syndrome (SCYL1). Laboratory characterization of hepatic decompensations ASAT, ALAT, liver function (INR), total bilirubin as
well as direct bilirubin using violin plots. Bold dots indicate the median, bars indicate the 25th to 75th percentile. ALAT, alanine

aminotransferase; ASAT, aspartate aminotransferase; CALFAN, low y-glutamyl-transferase cholestasis, acute liver failure, and

neurodegeneration; ILFS2, infantile liver failure syndrome type 2; ILFS3, infantile liver failure syndrome type 3; INR, international

normalized ratio; IU/L, international units per liter; max., maximal; NBAS, neuroblastoma amplified sequence; RINT1, RADS50 interactor 1;

SCYL1, SCY1 like pseudokinase 1; SOPH, short stature, optical atrophy, and Pelger-Huét anomaly.

Given the clinical overlap of NBAS, RINTI1, and
SCYL1-associated diseases and the lack of biomarkers,
only genetic testing allows for rapid and reliable diagno-
sis, while searching for other differential diagnoses at the
same time. Early diagnosis is particularly important for
the implementation of prevention and treatment strate-
gies discussed below. Genetic testing of close relatives of
affected patients should be considered, especially in sib-
lings to allow pre-symptomatic diagnosis and awareness
of a potential risk of PALF. There are reports that in
patients with NBAS deficiency diagnosed due to family
history before the onset of symptoms, liver crises are
milder or even prevented by early treatment.®

3.3 | Pathomechanisms
While no patients with biallelic loss-of-function variants
in NBAS or RINTI are known, biallelic loss-of-function
variants in SCYL1 have been observed indicating a piv-
otal role of NBAS and RINT1 proteins, whereas a loss of
SCYL1 seems to be compatible with life.

Reduced protein levels in affected patients indicate a
substantial impairment of protein translation and/or sta-
bility. Remarkably, patients with RINTI variants also

have reduced protein levels of NBAS and ZW10, with
RINTI1 abundance correlating with NBAS levels.>® A sim-
ilar effect is observed in knockdown studies of NBAS,
with reduced levels of p31, also a subunit of the syn-
taxin18 complex.'' Taken together, this suggests instabil-
ity of the syntaxinl8 complex or altered expression of
other components resulting from variants in RINTI
and NBAS.

There is evidence for impairment of vesicular traffick-
ing in NBAS, RINT1, and SCYL1 deficiency. Membrane
trafficking is a crucial process in all tissues but is particu-
larly important in hepatocytes, which secrete a large
number of proteins into the bloodstream. NBAS, RINT1,
and SCYLI1 are localized between the ER and Golgi and
are required for antegrade and retrograde transport.

Retrograde transport is important for membrane recy-
cling for organelle homeostasis and for returning proteins
to the ER that may have been inappropriately delivered.
The syntaxin18 complex (including NBAS, RINT1, ZW10,
and p31) is a t-SNARE (target soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) at the ER,
necessary for the fusion of Golgi-derived vesicles with the
ER membrane.*® Fibroblasts from patients with NBAS
deficiency show impaired vesicle tethering to the ER.'"7°
There is evidence of thermal susceptibility of the
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syntaxinl8 complex as a possible explanation for fever-
induced hepatic crisis: In fibroblasts from patients with
NBAS deficiency, a temperature shift from 37 to 40°C
leads to a further decrease in the levels of NBAS and
p31,”° indicating elevated temperature itself contributes
to the development of liver crises, at least in NBAS asso-
ciated disease. In RINT1 deficient cells there is a trend
toward less protein with an increase in temperature,
although this is not statistically significant.'® Fibroblasts
from patients with RINT1 and SCYL1 mutations show
enlarged or fragmented Golgi, particularly after culturing
the cells at 40°C.'*>>%%

The NRZ complex is also involved in antegrade trans-
port, which directs proteins synthesized in the ER to the
Golgi for post-translational modification and export.
The NRZ complex is required for the protein TANGOL1 to
recruit membranes of the ER-Golgi intermediate com-
partment (ERGIC) for the formation of (large) COPII ves-
icles.*® Loss of TANGO1, RINT1, or NBAS in fibroblasts
impairs the anterograde transport of collagen VII, leading
to accumulation of collagen VII in the ER.*® Biallelic
truncating variants affecting TANGOI gene cause a syn-
drome with short stature, skeletal abnormalities with
osteopenia, clinodactyly and brachydactyly, insulin-
dependent diabetes mellitus, mild mental disability and
sensorineural hearing loss (Ondontochondrodysplasia
2 with hearing loss and diabetes, ODCD2, OMIM #
619269).”" In affected cells, it has been demonstrated that
the secretion of different collagens is impaired. Aberrant
export and secretion of proteins in NBAS and RINT1 defi-
ciency may explain the cargo-selective and thus tissue-
specific phenotypes. Likewise, the export of proinsulin
from the ER is COPII-dependent. Blocking COPII-
dependent export leads to ER stress and apoptosis of pan-
creatic beta cells,”? a possible cause of insulin-dependent
diabetes in patients with NBAS deficiency. Disruption of
vesicular trafficking is supported by the fact that, affected
organ systems such as skin, bone, liver, and connective
tissues are very sensitive to impaired secretory traffic,
reflecting the high secretory load in these tissues.*

Linked to intracellular trafficking, there is evidence
for impaired autophagy. Inefficient or aberrant intracel-
lular vesicle trafficking can result in an impaired endocy-
tic pathway, thereby affecting lysosome homeostasis and
autophagy, which, when impaired, results in cytotoxic
stress. The biogenesis of autophagic vacuoles is a traffick-
ing pathway that delivers cargo to the lysosomes and
involves COPI-coated vesicles, in the formation of which
the NRZ complex is involved.”> Autophagy is a process
necessary for bone growth.”* Interestingly, homozygous
intronic variants affecting BNIP1 (BCL2 interacting pro-
tein 1), also a component of the syntaxin18 complex, are
associated with disproportionate short stature and

\, SSEM WI ]_]5\(J_9

skeletal dysplasia.”” In fibroblasts from affected patients
increase in autophagosomes and decreased autophagic
flux were observed.”” Impaired autophagic flux and
resulting ER stress were also found to play a pathogenic
role in liver diseases, mainly chronic liver affections such
as alcoholic and non-alcoholic fatty liver disease.”®”’

Impaired vesicular trafficking and autophagy lead to
ER stress with activation of the integrated stress response
(ISR) and generation of reactive oxygen species (ROS)
with the aim of restoring cellular homeostasis. However,
if the intensity or duration of stress is high, the cascade
may lead to hepatocytolysis, which is reflected by high
levels of transaminases in acute liver failure. The role of
ER stress is supported by the increased expression
of RNA associated with ER stress in NBAS-deficient
fibroblasts."" RINT1 loss in the brain is associated with
increased expression of C/EBP homologous (CHOP), a
marker of the ISR.”® Interestingly, ER stress and apopto-
sis also play a role in the pathogenesis of Wolcott-
Rallison syndrome, which shows remarkable clinical
overlap, presenting with recurrent hepatic dysfunction
up to liver failure, skeletal dysplasia, immunological
abnormalities, and diabetes mellitus.” The affected
EIF2AK3 gene encodes an ER transmembrane protein,
which detects the accumulation of misfolded proteins in
the ER and subsequently activates the expression of
stress-related proteins.** Further research is needed to
understand whether Wolcott-Rallison syndrome and the
here described disorders of vesicular trafficking share a
common pathomechanistic pathway causing the clini-
cally similar presentation.

Taken together, in the three disorders NBAS, RINT1,
and SCYL1 deficiency, there is evidence for disrupted
vesicle trafficking and ER membrane fusion, resulting in
impaired protein secretion and autophagy and subse-
quently increased ER stress, which induces hepatocyte
cell death. Detailed understanding of these processes and
possible therapeutic interventions requires further
research.

3.4 | Therapy
As with most diseases caused by defective vesicular traf-
ficking, there are currently no specific, curative therapies,
however, early emergency management during febrile
infections can prevent further deterioration. Hence, med-
ical education of close relatives and the primary care
team together with an emergency treatment card with
clear instructions, is key to optimal management in these
life-threatening situations.

Early antipyretic therapy has been reported to reduce
the frequency and severity of acute hepatic crises in
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patients with NBAS deficiency.®®’*®!" A similar effect
might be expected in patients with RINT1 and SCYL1.
For the treatment of fever, in addition to physical mea-
sures, we recommend metamizole (8-16 mg/kg body
weight as a single dose orally or parenterally at minimal
intervals of 6 h, maximum single dose: 1000 mg). Consid-
ering the risk of bleeding, ibuprofen should be avoided in
patients with a risk of PALF. The fact that paracetamol
toxicity induces the ISR and hence, the production of
reactive oxidative species,®* a process suspected to play a
role in the pathogenesis of NBAS-, RINT1-, and
SCYL1-associated liver diseases, argues against the use of
paracetamol in these patients. By the same logic,
N-acetylcysteine (NAC), which has been shown to be an
effective antioxidant in the treatment of paracetamol-
induced PALF,** may be a therapeutic option for liver
crises. In many centers, intravenous NAC is part of the
general management of acute liver failure in adults, as it
was found to have some benefit also in non-paracetamol
induced liver failure with an adequate safety profile.**%
Yet, in pediatric patients, NAC is not a standard treat-
ment for PALF. In a double-masked, placebo-controlled
trial NAC did not improve 1l-year survival in non-
acetaminophen PALF.*® Given the suspected pathome-
chanism, a positive experience in individual patients
(unpublished data), and the low side effect profile, the
use of NAC in liver crisis in NBAS, RINT1, and SCYL1
deficient patients can be considered and is conducted in
the authors' institution. Systematic evaluation is needed
to determine the potential benefit of NAC.

Further therapeutic strategies include the administra-
tion of anabolic infusions with glucose and lipids. Based
on individual cases, a beneficial effect on the course of
liver crises in patients with NBAS deficiency has been
reported,’® however, a systematic analysis is lacking; the
same holds for SCYL1 and RINT1 deficient patients.

There are reports of six patients with NBAS defi-
ciency, two patients with RINT1 deficiency, and four
patients with CALFAN syndrome who underwent liver
transplantation. None of them experienced further
liver crises. Given the natural course in NBAS and RINT1
deficiency and the risks associated with liver
transplantation, we consider the liver transplantation in
these diseases to be a treatment of last resort. However, a
liver transplant might be discussed in cases with, for
example, deceased siblings where a severe phenotype can
be assumed. In patients with SCYL1, the progressive neu-
rologic phenotype is a potential contraindication for liver
transplantation. In principle, diseases caused by genetic
variants could be subject to gene therapy.®” However, the
authors are not aware of any current approach in this
direction, plus the large size of the NBAS gene and
respective protein (271 kDa) poses a major challenge in
the case of NBAS deficiency.

4 | CONCLUSION

NBAS, RINT1, and SCYL1-associated diseases account
for a significant proportion of RALF triggered by febrile
infections. The extrahepatic phenotype of all three disor-
ders mainly affects the nervous and skeletal systems—
both organ systems with high secretory activity like the
liver. Disruption of vesicular trafficking causes ER stress
leading to cell death is reflected by hepatocytolysis during
PALF episodes. No curative treatments exist so far, but
early emergency management is crucial in the life-
threatening episodes of PALF.
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