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Abstract

Background Acute liver failure (ALF) in infancy and child-
hood is a life-threatening emergency and in about 50 % the
etiology remains unknown. Recently biallelic mutations in
NBAS were identified as a new molecular cause of ALF with

onset in infancy, leading to recurrent acute liver failure
(RALF).

Methods The phenotype and medical history of 14 individ-
uals with NBAS deficiency was studied in detail and function-
al studies were performed on patients’ fibroblasts.
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Results The phenotypic spectrum of NBAS deficiency ranges
from isolated RALF to a multisystemic disease with short
stature, skeletal dysplasia, immunological abnormalities, optic
atrophy, and normal motor and cognitive development resem-
bling SOPH syndrome. Liver crises are triggered by febrile
infections; they become less frequent with age but are not
restricted to childhood. Complete recovery is typical, but
ALF crises can be fatal. Antipyretic therapy and induction of
anabolism including glucose and parenteral lipids effectively
ameliorates the course of liver crises. Patients’ fibroblasts
showed an increased sensitivity to high temperature at protein
and functional level and a disturbed tethering of vesicles,
pointing at a defect of intracellular transport between the en-
doplasmic reticulum and Golgi.

Conclusions Mutations in NBAS cause a complex disease
with a wide clinical spectrum ranging from isolated RALF
to a multisystemic phenotype. Thermal susceptibility of the
syntaxin 18 complex is the basis of fever dependency of ALF
episodes. NBAS deficiency is the first disease related to a
primary defect of retrograde transport. Identification of
NBAS deficiency allows optimized therapy of liver crises
and even prevention of further episodes.

In about 50 % of cases with acute liver failure (ALF) in infan-
cy and childhood the etiology remains unresolved (Squires
et al 2006, Narkewicz et al 2009). Unknown diagnosis signif-
icantly hampers decision-making on appropriate treatment
strategies up to allocation to liver transplantation. Inborn er-
rors of metabolism comprise one of the most frequently de-
tected groups of diseases causing pediatric ALF. These in-
clude mitochondrial diseases, Wilson disease, tyrosinemia
type I, fatty acid oxidation defects, urea cycle disorders, citrin
deficiency, galactosemia, hereditary fructose intolerance, and
Niemann-Pick type C (Squires et al 2006, Narkewicz et al
2009). It has been speculated that a significant number of
individuals with indeterminate ALF are due to as yet unknown
metabolic disorders or atypical clinical presentations of
known metabolic disorders (Vilarinho et al 2014). Recently
we have identified biallelic mutations in neuroblastoma am-
plified sequence (NBAS) as a novel cause of ALF with onset
infancy (Haack et al 2015). Given 14 patients have been iden-
tified within a reasonably short time frame, defects in this gene
appear to be a relatively frequent cause of pediatric ALF.
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The NBAS protein is considered a component of a soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex. SNAREs mediate the docking and fusion
of transport vesicles with target membranes, via membrane-
bound proteins on transport vesicles (v-SNARE) and target
membranes (t--SNARE). NBAS interacts directly with the t-
SNARE p31 together with other components, forming the
syntaxin 18 complex (Aoki et al 2009). In patient cells, the
reduction of NBAS was concomitant with a reduction of p31,
supporting an important function of NBAS within the SNARE
complex (Haack et al 2015). However, specific disease mech-
anisms including the basis of fever dependency are as yet
incompletely understood. Identification of further patients
now expands the clinical phenotype of NBAS deficiency con-
siderably, linking RALF to SOPH syndrome, a previously
described syndrome with short stature, cone and optic nerve
atrophy, and Pelger-Huét anomaly associated with a single
homozygous missense mutation in NBAS (OMIM #614800)
(Maksimova et al 2010). In addition, we have delineated a
successful rational therapy for NBAS deficiency-associated
ALF.

Methods
Patients

We studied in detail the phenotypic spectrum of 14 patients
from 13 families with (recurrent) ALF and biallelic mutations
in NBAS by a prospective observational follow-up study and
by thoroughly evaluating the medical history. ALF was de-
fined as an international normalized ratio (INR) above 2 or
INR above 1.5 and encephalopathy grade III or IV according
to the definition of the PALF study group (Squires et al 2006).
Informed consent to participate in the study was obtained from
all patients or their parents in case of minor patients.

The study was approved by the ethical committee of the
University Hospital Heidelberg (S-035/2014). The identifica-
tion of the genetic defect and a brief clinical description of
patients 1-11 has been published recently (Haack et al 2015).
Patient 11 was originally diagnosed as having ACAD9 defi-
ciency on the basis of abnormal immunostaining and RNA
processing studies (He et al 2007); however, genomic
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mutations in ACAD9 were not found. Patients 12, 13, and 14
have been diagnosed by exome sequencing as described pre-
viously (Haack et al 2012). In patients 12 and 13 copy number
variants calling using ExomDepth indicated heterozygous de-
letions of coding exons 49—50 and 3940, respectively, in
addition to heterozygous point mutations predicting the
change of an evolutionarily highly conserved amino acid res-
idue (c.1278A>C, p.Cys426Trp, patient 13) or premature
truncation of the protein (¢.2827G>T, p.Glu943*, patient 12).

Microscopy of fibroblasts and liver

For hematoxylin and eosin staining as well as immunobhisto-
chemistry, liver biopsies were routinely fixed in formaldehyde
and embedded in paraffin. Immunohistochemistry and immu-
nofluorescence microscopy was performed as previously de-
scribed (Straub et al 2008; Pawella et al 2014). For ultrastruc-
tural analysis, biopsies were fixed in glutaraldehyde and em-
bedded in epon or processed from paraffin blocks to epon.
Thin sections were analyzed in a transmission electron micro-
scope (JEM 1400, JEOL). Mouse monoclonal antibodies were
against the ER proteins PDI (protein disulfide isomerase; 1D3,
Enzo Life Sciences), Bap31 (7A3BB6), epoxide hydrolase
(both abcam, Cambridge, UK), the Golgi protein GM130
(abcam), CHOP (9C8, Thermo Scientific/Pierce), and the lipid
droplet-associated protein perilipin 2 (AP 125; Progen
Heidelberg); additionally, rabbit antisera were used against
NBAS (Atlas Antibodies). Concerning secondary antibodies
see references (Straub et al 2008; Pawella et al 2014).

Ex vivo studies in patient and control fibroblasts
Western blot and growth rate detection

Patient and control fibroblasts were cultivated in D-
MEM supplemented with 10 % FBS, 1 % Penicillin-
Streptomycin, and 200 pM uridine at 37 and 40 °C,
respectively, and 5 % CO,. For western blots, cells
were collected, washed in PBS, and resolved in RIPA
buffer. For every sample 10 pug of protein were separat-
ed on a 4-12 % acrylamide gradient gel (LONZA).
Primary antibodies (all Sigma-Aldrich; all diluted in
5 % milk) against NBAS (1:2000), p31 (USE-1)
(1:250) and B-actin (1:15,000), were incubated over-
night. Enhanced chemiluminescence of proteins was de-
tected using a Vilberscan Fusion FX7. Protein levels
were quantified using the software Bio-1D. For growth
curves, patient and control fibroblasts were cultivated on
24-well plates; 2500 cells (determined with a Scepter™
cell counter, Millipore) were plated per well and cell
growth was assessed by quantification of DNA
(CyQUANT®, Molecular Probes) according to the

manufacturer’s protocol. Cell number was calculated
based on a standard curve (R*=0.996).

Permeabilization of patient-derived fibroblasts with digitonin
and immunofluorescence microscopy

Digitonin permeabilization (Aoki et al 2009) and immunoflu-
orescence staining were performed as described previously
(Lubbehusen et al 2010). Digitonin exposure time was
15 min. To induce further NBAS depletion, fibroblasts were
incubated at 40 °C for 24 h prior to the experiment. Primary
antibodies against ERGIC53 (rabbit against human) and
GOLPH4/GPP130 (mouse against human) were purchased
from Alexis/Enzo Life Science (Lorrach, Germany) and
Abnova (Paderborn, Germany), respectively, and used in a
dilution of 1:400 in 1 % BSA (diluted with PBS). Primary
antibodies against KDEL-R (rabbit against human) and GM
130 (mouse against human) were purchased from Abnova
(Paderborn, Germany) and BD Biosciences (Heidelberg,
Germany), respectively, and used in a dilution of 1:100 in
1 % BSA (diluted with PBS). Secondary antibodies Alexa
Fluor 488 (anti rabbit) and Alexa Fluor 568 (anti mouse) were
purchased from Life Technologies (Darmstadt, Germany) and
used in a dilution of 1:700 in 1 % BSA (diluted with PBS).

Results
Hepatic phenotype

All patients had fever-dependent episodes of ALF
(Fig. la). The first episode of ALF occurred mostly in
infancy (mean 12.7 months, range 4-24 months); patient
8 had her first liver crisis at the age of 6.7 years
(Table 1). Characteristically, patients presented with re-
current vomiting and increasing lethargy 1 or 2 days
after the onset of fever. ALF episodes usually started
with massively elevated ALAT and ASAT, succeeded
by severe coagulopathy and mild to moderate jaundice.
Alkaline phosphatase and gamma-GT were normal or
only slightly elevated (see Table 2). Hypoglycemia,
hyperammonemia, and hepatic encephalopathy were
transiently observed in some patients. Some patients
had transient hepatomegaly during crises that normal-
ized in the interval. If the liver crisis was survived, liver
function always recovered completely within days or
weeks and remained normal in the interval. All patients
had recurrent liver crises and all but three patients had
at least two episodes that fulfill criteria of an ALF,
therefore presenting RALF. The frequency and severity
of ALF was highest during infancy and early childhood,
when virtually all febrile infections, including vaccina-
tions, led to ALF (Fig. 1b). In five patients, the first
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Fig. 1 Clinical signs and symptoms and frequency of ALF according to
age a Clinical signs and symptoms. All patients presented a hepatic
phenotype characterized by recurrent liver crises that mostly lead to
acute liver failure, therefore presenting RALF. Hypotelorism and short
stature are the most frequent extrahepatic findings. Data of patients 1-14
are included. b Distribution of ALF according to age. The risk of having
ALF is shown (n of patients with >1 ALF in a given age group/total n of
patients in that age group). The total number of ALFs represented in this
figure is 65. The risk of having ALF is highest between 0.6 and 2 years

ALF episode was also the most severe. With increasing
age, not all febrile infections led to crises, in particular
with refinement of therapy. After the age of 10 years
fever more often caused no or only a mild hepatic phe-
notype with (slightly) elevated ALAT but without coag-
ulopathy and jaundice.

In two families (family FVIII and FIX, Table 1), the oldest
siblings had died in early childhood (aged 14 and 11 months)
due to febrile-associated ALF of at that time unknown cause.
No material was available to genetically confirm mutations in
NBAS. Patient 10 received a liver transplant at the age of
3 years after three episodes of ALF and death due to ALF of
an older sister.

In the interval and at the time of study visit, all patients had
normal ALAT and ASAT and normal liver function parame-
ters. Hepatic morphology studied by ultrasound was unre-
markable in all patients, except in patient 12 in whom two
small hepatic lesions were seen with some irregular aspect
of liver borders. Transient elastography was studied in patients
1-5 and was normal except for the oldest patient, who had
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(0.85) and decreases with age but is not restricted to childhood. This
reflects exposure to infections in infancy and early childhood. The risk
is still relatively high between 6.1 and 8 years (0.60) but then decreases.
The latest crisis occurred in patient 2 at age 21 years (not shown in the
figure). With increasing age, febrile infections mostly lead to no or a
milder hepatic phenotype without ALF (not documented in the figure).
For patient 4, exact data are missing from age 0.6 to 18 years. Data of
patients 1-14 are included

increased liver stiffness (8.7 kPa, normal 3.9-5.3 kPa (Kim
et al 2010)) at the age of 37 years (patient 4).

Detailed metabolic work-up during crises and in the inter-
val including blood gas analysis and blood lactate, ketones in
urine, acylcarnitine profiles in dried blood spots, amino acids
in plasma and organic acids in urine, always showed normal
or non-specific results. There was no evidence for primary or
secondary dysfunction of intermediary, mitochondrial, perox-
isomal or lysosomal metabolism, cholesterol and glycoprotein
biosynthesis or any of the other hitherto known specific causes
of ALF.

Therapeutic management of ALF

Therapy was optimized and tailored by growing clinical ex-
perience in recurrent crises, resulting in a specific emergency
protocol. Early and effective control of fever often allowed
prevention of liver crises, whereas parenteral application of
high glucose (10-12 g/kg body weight and day in infants)
ameliorated the course, especially if started early in the course.



J Inherit Metab Dis

JeJ SNodUELINOQNS PAONPAI

SUOTIEUIOOBA
0) asuodsar ou
‘S[100 IO [eInjeu poonpar

‘unys Juepunpal ‘A)IqeIsul [BOIAID ("e'u Q) reurou [euLIou ‘erwdurnqojSewue3odAy S9K S9A ey S9A (g-) s9k  ((AIXA) ST red
ou ("e'u Q) [euiou [euriou eu ’u ou ou eu Gr1-)ou  (IIXd) 1 red
ou ("e'u Q) reutou [euLIou erwdurnqojSewuedodAy sok ou °eu ou  (L07o) oA (IIXd) €1 red

eruojodAy erwauInqojSewuedodAy
Asdoqide ‘ewosejqoinou  Aejop 10j0w-oyoAsd prrwa pliw ‘sisared-rwoy 3oy ‘s1suo Suumnp eruadoydwA] sok sok ou S0k (8%'7-) sk (Ixd) 21 red
ou ("e'u Q) reurrou [eusou ou e ou eu ou (§€7-) sk (XA 11 1.d
ssou[[1 9nde JuLmnp
eruaok[30dAy priw jo soposido ("e'u Q) reuLiou [euLou ou vu ou eu ou  (79'7-) sk (X19) 01 red
ou ("e'u Q) [euiou [ewIou ou ’U ou ou ou (€9'0—) ou (IIIAJ) 6 1ed
ASEASIP S, UY0I)
ou (21 O1) 1ewzou soddn [eusou ‘wnsopou w10 sok ou ou ou  (1L7-) Sk (TIIAJ) 8 ¥ed
ou (26 O1) 1eWIOU [eusou ou e ou Sk ou (90) ou (TIAJ) L ¥ed
ou ("e'u Q) rewrou Ae[op 1030w plIw ou el ou Bu ou (167-) SoK (IAA) 9 1ed
AyredoAworpIed priux (L6 OI) TeuIou [eusou ou ou ou SK ou (zz0) ou (AJ) S red
ou (0SOD Al VOYdP UOHEUIPIOOD pyr ou ou ou sok ou  (G7g-)sek (ALD ¥ 1ed
ou (111 OI) reuuou [euLIou LASBISIP JBI[O) ou ou S9A ou (T p-) sok (1114) € red
Asdoqide ‘ainyrey reuar gynoe (LLOD a1 [ewiou ou ou ou sok ou  (80'7—) sek (I19) z red
ou (Z11 O [ewou [ewou ou ou (ppuu) sek sok ou (L97-) Sok (19 1 red
SANIPIGIOW0d Arewoue  Aydone eise[dsAp (sas)
‘s3urpury TeorSojoyjed 10O  eourwLIONAd [BMO[[OIU]  UOHBUIIIEXS [EIISO[OINAN s3urpuyy [eorSojounw] JNH IOS[J ondp wsuo[odAH BR[OS dImels Uoys al
adKoudyd onedoyenxyg  ejep [eIoUdD)
sk wu vu weg vu € [BrvosediLl[du/e181v]d Ty <L 9811]'[L<D607]0 £ SN d (AXD 91 Rd
sok e e w 1< 0 [oLr8zsATllIeASGeIV] d TL<V0S8I[L<DP8T] 2 Lzl H N DM\E@ S17ed
Sk (sistosag) £ 0 £ 41 w g I 4l Demtzt Rl [=l"d [D<veocelD<vT-€L1]D £91 aa 4 (X4 v1%ed
sok L9 L9 w 6 € T [2«S1A108¢s TIeA] [[dirggysAD]d ‘[1op 0s—6¢ suoxe]:[D<v8LTI]d A3 aa W (IXd) €1 ed
sk L1 SE LT w/ 0 8 [epLezznD syITIPA] ‘LicronID]d 9P 0y—6¢ suoxo][L<DLT8T]0 £81 4 W (Qxd)erred
sok 54! £8¢ u 4 S [o1ds50 10 T) [pxspuID0€zS]d [o<1 p91€]1[dnpgogg]-o £81 sn 4 (Xd) 11 1d
sak Lzt Lzt w 8T e € [oudersIEA()e]d (L<DrzsTlo<ve-811]o Ly sn 4 (xidorred
sok L1¢ ¢ w g 3 I [stHLLLo1d) [+96€d11]d Ty <D0€€T] [V <DLSTT] A3 daa W (A 6 7ed
sof (SIS0 ys1y) £ £'9  SISLID JSITJ 908 £L9 4 I [¢]:[1os8pc01d] d [D<DE c0zT][L<OTHOT] £11 JIH d (TIAD) 8 1ed
SoA (SIS0 ysay) Wi [ £99 w S 14 [¢)[res8pc01d]d [D<DE coTl[L<DTh01]? L6 IH d (IIAA) L ved
sak L8t Lo¢ w 8T [4 S (10518691 [+ LTI SN d [D<L 156T](19PSHST €€51]2 L O W (IAd) 9 ved
sk £61 £86 w/ 4 01 [o1dss0100T):[400181v] d [I<L +91€1:LL<D010€]2 L1 aa W (A s 1ed
sok U 'u w g eu U [«eroniD][Bryeoene Tl d TL<DL8TI[D<1 80LT]? £L¢ aa d (AL ¥ 1ed
oA (SISHO IsIL) W O] L9711 wQp 8 S [orgssornoT):[19pzozno Tl d TO<L #91€1:[19PS09 €09]2 £81 a4 (Im14) € ¥ed
sok £g¢ £T11C w/ 9 L [BrycoenoTl:[SrveoenaTld [D<1 80L7][D<L 80LT] LzC aa d (I14) ¢ ved
9K (sistogsag) £ 81 L8yl w g 4 4 [rgu1D0€zios1opL8 19111 d [dnp9ogg]i[1opo9s 85510 £81 a4 (1) 112d
ATV moynm

juapuadop SISLIO QIOADS ATV SOSLID IOAI] TV JO ISIA JsE]

IOAJ) ATV jsow 1B a3y Ise[ e a8y 19SU0 1R 98y JO Joquuny  JIoquinN (SYgN w suonew) sdKjousn) 198y  AjjeuoneN XS al

adKyouayd onedoy BJEp [BIOUSD)

Kouarogap SYEAN ynm sjuaned Jo eiep [eorur))

I 91qeL

pringer

fHs



J Inherit Metab Dis

redundant skin, reduced

cervical instability, fractures,
subcutaneous fat

comorbidities®

retarded, mild speech

Neurological examination Intellectual performance Other pathological findings,
delay

motor development initially n.a.

reduced natural killer cells

Pelger Huét Immunological findings

anomaly

yes

atrophy
no

Extrahepatic phenotype

Short stature  Skeletal ~ Hypotelorism Optic
dysplasia
yes n.a.

(SDS)

yes (=3.5)
Pat 1 I-Patient 1 family I, 7 female, M male, two letter code for nationality (ISO 3166-1), y years, m months, /Q intelligence quotient, LD learning disability, /D intellectual disability, DD developmental

delay, n.a. not available, SDS standard deviation score

“ Data regarding patients 1-11 published before (Haack et al 2015)

® Patients published by (Garcia Segarra et al 2015)

Table 1 (continued)

General data
Pat 16 (EXV)°

ID

Additional parenteral administration of lipids (1 g/kg body
weight and day; lipids based on soy bean oil) was found to
result in much faster recovery (as tested in patients 1-4, 9 and
12), and some patients received carnitine (100 mg/kg body
weight and day) during crises (patients 1-4 and 12). Liver
transplantation was performed in one patient at the age of
3 years. She has not suffered any further liver crises since then.

Extrahepatic phenotype

The majority of patients with mutations in NBAS reported in this
article have short stature (10/14), with a mean supine length of -
2.64 SDS (Table 1 and Table S1). In some individuals, reduced
pubertal growth spurt was noted. One patient presents with a
skeletal phenotype including osteopenia (patient 12), while there
are only minor or no skeletal symptoms in the other patients
(Fig. 2). Minor facial dysmorphism including hypotelorism is
observed in most patients, regardless of other skeletal abnormal-
ities. Four patients present immunological findings or autoim-
mune diseases. Abnormalities of other organ systems include
optic atrophy and Pelger-Huét anomaly, acute renal failure (dur-
ing ALF), mild hypertrophic cardiomyopathy, and epilepsy.

Remarkably, one patient had a renal neuroblastoma that was
diagnosed at the age of 1 month (patient 12). Nephrectomy
was performed at the age of 7 months (preceded by chemo-
therapy) and histology classified the neuroblastoma as differ-
entiated neuroblastoma, Schwannian stroma-poor, according
to the International Neuroblastoma Pathology Classification.

Patient 12 suffered a haemorrhagic cerebral insult during
an ALF episode with severe coagulopathy at the age of 1 year
resulting in left hemiparesis and epilepsy. His development is
mildly retarded, he has muscular hypotonia and poor speech,
but he progresses nevertheless and sits alone, handles toys and
interacts nicely with his mother. In the other patients, neuro-
logical examination was unremarkable except a minor coordi-
nation deficit in patient 4 and mild motor delay in patient 6. IQ
was normal in most patients and below the normal range in
three patients. MRI (patients 1-6, 10, and 12) revealed unspe-
cific patterns of mild brain atrophy in six patients (1-4, 6, and
12) (mild supratentorial white matter deficit and/or mild atro-
phy of the superior vermis) and was normal in the others, 'H-
MRS studies in patients 1-4 revealed normal results.

Morphological characterization of hepatocytes
and fibroblasts

The most prominent finding on liver biopsies, especially when
biopsies were taken shortly after crises, was microvesicular
steatosis, and regeneration phenomena with pseudo-rosetting of
hepatocytes (Fig. 3a, b). In ultrastructural analysis of liver biopsies
of patients 1, 2, 5, and 7, besides microvesicular steatosis hepato-
cytes showed increased and enlarged ER, but normally appearing,
apically oriented Golgi (Fig. 3¢). Immunohistochemical analysis
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Fig. 2 Morphological characteristics of NBAS-deficient patients a
Patients 1-5 represent the group of patients with a hepatic phenotype
without skeletal dysplasia. However they have very mild morphological
characteristics, such as long facies, hypotelorism, and flat cheekbones. b
Patient 12, at the age of 14 months. He suffered a hemorrhagic cerebral
insult during an ALF episode at the age of 1 year and has a left sided
hemiparesis since then. He is short of stature (-2.48 SDS), has
enophtalmia, brachydactyly, and clinodactyly of the fingers two and

of NBAS in liver biopsies revealed a diffusely cytoplasmic to
granular pericanalicular staining as demonstrated in patients 1,
6, and 7, but was much less intense or even absent in comparison
to liver biopsies of control patients with microvesicular steatosis
of other etiology (Fig. 3d, ). Positive cytokeratin 7 staining in
patient 10 highlights ductular proliferations and ductular metapla-
sia of periportal hepatocytes as signs of extra acinar cholestasis,
indicating chronic liver damage concomitant to portal and
periportal fibrosis (Fig. 3f, biopsy taken during ALF), whereas
there are no signs of fibrosis in the other patients. Mitochondria
showed dense matrix and abnormal internal architecture with
dilated, elongated cristae and rare targetoid cristae in the same

@ Springer

four of both hands. The 4th fingers are longer than the 3rd. The X ray
of the right forearm and hand at the age of 8 months shows osteopenia
with thin corticalis, an additional ossification center at the base of the 3rd
finger and retarded ossification of the carpus (all present bilaterally). X
ray of the skull (age 8 months) shows a steep clivus and a relatively
prominent neurocranium related to the viscerocranium. The X ray of
the right foot (age 14 months) demonstrates missing ossification of the
middle and end phalanx of the 5th toe

patient (Fig. 3g), whereas only mild mitochondrial abnormalities
were detected in the other patients examined.

In fibroblasts of patients and controls, NBAS staining was
observed at cytoplasmic vesicles, in partial colocalization with
ER markers, but not colocalizing with the Golgi marker
GM130 or with lipid droplets stained by BODIPY or perilipin
2 (data not shown).

Functional characterization of fibroblasts

NBAS mutations result in decreased intracellular protein levels of
NBAS, indicating substantial impairment of protein translation
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Fig. 3 Deficiency of NBAS results in microvesicular steatosis, dilation
of ER and aberrant mitochondria in liver a—d liver biopsy of patient 1,
taken 7 weeks after last crisis. a Conventional H&E morphology showing
microvesicular steatosis and pseudorosetting of hepatocytes. b
Microvesicular steatosis of the liver as demonstrated by
immunohistochemical analysis with antibodies against the lipid droplet-
associated protein perilipin 2. Asterisks: extensive microvesicular
steatosis in singular perivenous hepatocytes. ¢ Ultrastructural analysis
of glutaraldehyde-fixed material showing hepatocytes with extensive
dilation of the ER, lipid droplet-accumulation and peripherally oriented
Golgi apparatus and mildly abnormal mitochondria (20,000x). d, e
Immunohistochemical analysis demonstrates faint cytoplasmic NBAS-
staining in patient 1 (d), whereas in control patients with microvesicular

and/ or protein stability in all patients investigated.
Decreased NBAS protein was paralleled by a reduction of
p31. As feveris anecessary starting point for ALF in patients

steatosis (e), prominent vesicular NBAS-staining is observed (arrows)
(400x) £, g liver biopsy of patient 10, taken during first episode of acute
liver failure. f Cytokeratin 7 stain showing dark brown profiles of bile
ducts and ductular reaction. Some hepatocytes demonstrate lighter
staining and are a transitional phenotype between hepatocyte and
cholangiole (neocholangiolization) (arrow) (cytokeratin 7, 100%). g
Mitochondria demonstrate dense matrix and abnormal internal
architecture with dilated, elongated cristac and rare targetoid cristae
(arrows) (24,700x). Abbreviations: H&E Hematoxylin and eosin stain;
TEM transmission electron microscopy; PT portal tract; CV central vein;
M mitochondrium; Des desmosome; BC bile canaliculum; L lipid droplet;
ER endoplasmic reticulum; Gly glycogen rosettes; Lf lipofuscin; G Golgi
apparatus; sLys secondary lysosomes; CK?7 cytokeratin 7

with NBAS mutations, we challenged patients’ fibroblasts by
a temperature shift from 37 to 40 °C. After the temperature
shift, a further decrease of the levels of NBAS as well as p31
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Fig. 4 Thermal susceptibility of the syntaxin 18 complex. a Decrease in
NBAS and p31 protein levels at 40 °C. Patient and control fibroblast cell
lines were cultivated at 37 °C and then heated to 40 °C. Cells were
collected at different time points and investigated for NBAS and p31
protein levels. In control cell lines, NBAS and p31 levels remained
unchanged at all conditions. In all patient cell lines, NBAS protein
levels significantly decreased after the temperature shift to 40 °C (3 h:
p=0.0026; 9 h: p<0.0009; 18 h: p=0.0038; two-tailed paired t-test;
representative images shown for three out of eight patient cell lines).
Quantification of protein levels for each cell line are given in the
diagram on the right expressed as the relative amount of NBAS after
several hours of incubation at 40 °C in comparison to 37 °C. Black dots
indicate levels of control cell lines. Colorful points indicate levels for
seven patient cell lines. The black line indicates the median level of

by half occurred in patients’ fibroblasts (Fig. 4a). The obser-
vation that NBAS levels remain constant in control cell lines
after the same temperature shift while decreasing in patient
cell lines indicates specific mutation-dependent thermal in-
stability of the NBAS protein in patients. Growth rates of
patient and control cell lines were indistinguishable at
37 °C, but the temperature shift from 37 to 40 °C resulted in
asignificant decrease of growth rates in patient cell lines only
(Fig. 4b). Hence, the mutations in NBAS resulted in temper-
ature sensitive loss of SNARE complex subunits accompa-
nied by a reduction of vital fitness in fibroblasts.
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NBAS in patient cell lines. b Impaired growth of patients’ fibroblasts at
40 °C. Growth of fibroblast cell lines of two patients (3 and 4) and two
controls at 37 and 40 °C, respectively; 2500 cells of patient and control
fibroblast cell lines were cultivated at 37 °C. After 25 h, some plates were
placed in 40 °C and left for an additional 24 h. Cell growth was assessed
by quantification of DNA in three independent experiments with three
replicates each time. Growth rates are expressed as percent increase per
day. Stars (¥) indicate a significant difference (p<0.05). While there was
no significant difference in growth rates between patient and control cell
lines at 37 °C (p=0.224), patient cell lines grew significantly slower than
control cell lines at 40 °C (p=0.037). In addition, only patient cell lines
displayed a significant impairment of growth rate at 40 °C compared to
37 °C (for patient 3: p=0.045; for patient 4: p=0.018; both two-tailed
paired t-test)

To further asses a potential impact of NBAS depletion on the
cellular distribution of proteins, immunofluorescence analyses
dependent on digitonin permeabilization were performed.
Digitonin is known to permeabilize the plasma membrane but
not ER and Golgi membranes (Aoki et al 2009). Double stain-
ing of control and patient-derived fibroblasts with antibodies
against ERGIC-53 and GPP130 revealed a markedly reduced
intensity of fluorescence in patients cells after treatment with
digitonin, while control cells remain widely unaffected (Fig. 5).
This indicates that ERGIC-53- and GPP130-containing mem-
branes are not tightly bound in NBAS-depleted cells and thus
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Fig.5 Impaired tethering of vesicles in patients’ fibroblasts. Distribution
of ERGIC-53 in digitonin-permeabilized and non-permeabilized cells.
Localization of ERGIC-53 (green, left column) and GPP130 (red,
middle column) were examined by immunofluorescence double

T

control - Dig

control + Dig

patient 1 - Dig

patient 1 + Dig

patient 2 - Dig

patient 2 + Dig

patient 3 - Dig

patient 3 + Dig

patient 4 - Dig

patient 4 + Dig

patient 5 - Dig

patient 5 + Dig

labeling of fibroblasts. The right column shows the combined results of
all three images (merge), respectively. Magnification is 20x. The box
shows a representative cell with 40x magnification. Scale bar: 10 um. -
Dig, without digitonin; +Dig, with digitonin
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are released from digitonin permeablized cells, suggesting a
defective tethering of corresponding vesicles. In a second ap-
proach we investigated the localization of KDEL-R in combi-
nation with GM130 and found the same effect in the patients’
fibroblasts treated with digitonin, albeit the outcome was not so
pronounced as observed for ERGIC-53 (data not shown).

Discussion

RALF caused by mutations in NBAS is a new and presumably
frequent inherited cause of pediatric ALF. Fever was found to
be necessary, but not sufficient to cause ALF. In the interval,
liver function recovers completely. Crises are precipitated by
vomiting and lethargy and start rather uniformly with massive-
ly elevated ASAT and ALAT, followed by a functional deficit
leading to coagulopathy. Hyperammonemia and hypoglycemia
occurred secondarily during ALF. Early and consequent ad-
ministration of antipyretics together with anabolic energy man-
agement through application of high glucose and lipids proved
to be highly beneficial gathered through up to 20 years of
personal follow-up and experience in different centers.
Episodes of ALF can be diminished to mild hepatopathy or
even completely prevented with this therapeutic approach if
implemented before ASAT and ALAT are massively elevated.

The phenotypic variability of the patients highlight that mu-
tations in NBAS lead to a clinical spectrum ranging from isolat-
ed RALF to a multisystemic phenotype including short stature,
skeletal dysplasia, optic atrophy, and immunological abnormal-
ities, but also minor syndromic features such as hypotelorism.
SOPH syndrome represents part of that spectrum, although
interestingly no liver phenotype has been described in the af-
fected patients. High comorbidity in NBAS deficiency points to
an association of further pathologies, such as cardiomyopathy,
renal failure, or epilepsy. Motor and cognitive development was
normal in most patients, independent of the extrahepatic comor-
bidities and despite recurrent severe liver failure episodes. The
neurological features and mild MRI abnormalities observed in
some patients could be explained as sequelae of ALF, however
a primary neurological phenotype cannot be ruled out
completely. The phenotypic spectrum of NBAS deficiency will
be further clarified by the identification of new patients and
their detailed clinical characterization. A recent report of two
patients with NBAS deficiency underlines the wide spectrum of
the disease (Garcia Segarra et al 2015) (Table 1).

One of the patients developed neuroblastoma and it is tempting
to speculate that mutations in NBAS, initially described as a gene
coamplified with N-myc in neuroblastoma tumor cells, predis-
pose for neuroblastoma. However, this remains to be elucidated.

The exact mechanism of liver failure in NBAS deficiency is
unclear and the physiologic function of NBAS remains to be
further clarified. As far as is understood, NBAS plays a role in
retrograde transport between ER and Golgi in yeast and humans
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(Aoki et al 2009). Notably, we have recently shown a concom-
itant reduction of p31 (Haack et al 2015), providing further
evidence that both proteins are subunits of the same SNARE
complex. We now demonstrate thermal susceptibility of the
syntaxin 18 complex in cultivated patients’ skin fibroblasts,
which suggests that raised temperature itself may be the starting
point of a derailment. In Mendelian disease, temperature sensi-
tive mutations are not rare. AF508-CFTR, the most common
disease-causing mutation resulting in cystic fibrosis, also results
in a temperature sensitive folding defect (Ward et al 1995).

Tethering of vesicles associated with ER/Golgi transport is
affected in patients’ fibroblasts, supporting a role of NBAS in
retrograde transport. In line with this finding, ER morphology
in hepatocytes as determined in transmission electron micros-
copy was found to be altered. Dilation of smooth ER may be a
non-specific sign of hepatic injury (Lossie et al 2014), but a
similar vacuolated ER structure was found in p31-depleted
mouse embryonic fibroblast cells (Uemura et al 2009) and
gross dilation of the ER was shown in fibroblasts from indi-
viduals affected with cranio-lenticulo-sutural dysplasia, a de-
fect of anterograde transport due to mutations in SEC234 (a
component of the COPII-coated vesicles that transport secre-
tory proteins from the ER to the Golgi complex) (Boyadjiev
et al 2006). Altered ER has been shown to induce ER stress
and apoptosis in p31-depleted cells (Uemura et al 2009), and
in NBAS-mutant fibroblasts a significant increase in the ex-
pression of genes involved in ER stress response was found
(Haack et al 2015). We hypothesise that fever-dependent ALF
is the common final path of ER stress-induced liver cell apo-
ptosis, which is set off by temperature-dependent NBAS and
p31 depletion.

Therapeutic experience shows that ALF can be prevented
through early and effective antipyretic therapy, which is con-
gruent with our in vitro findings. The observed positive effect
of intravenous application of glucose and lipids cannot be
explained easily. Intestinal fat absorption has been shown to
be related to the COPII-machinery (Jones, Jones et al 2003)
and it may be speculated whether there is an (intermittent)
effect on enteral fat absorption due to disturbed vesicular
transport mechanisms in NBAS deficiency, which could be
bypassed by parenteral application of lipids. However, this
would not explain the observed effect of lipids on decelerating
liver failure. Liver transplantation may be considered as ther-
apeutic option to prevent further ALF episodes in NBAS de-
ficiency; however conservative treatment together with the
natural history of disease will leave transplantation as treat-
ment of last resort. SOPH syndrome presents the other facet of
the phenotypic spectrum of NBAS deficiency. No hepatic
phenotype was hitherto reported in these patients who all
share the same homozygous missense mutation
(p-Argl1914His) in the C-terminal domain of unknown func-
tion (Maksimova et al 2010). The impact of this mutation on
protein function is unknown. Notably, most patients with
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hepatic phenotype have mutations in the sec39 domain of
NBAS (amino acids 725-1376) or have mutations located
before this domain (Table 1, (Haack et al 2015)) which may
lead to a truncated protein.

In addition to its role in retrograde vesicular transport,
NBAS is thought to act as a mediator of the nonsense-
mediated mRNA decay (NMD) and was shown to modulate
genes involved in cholesterol biosynthesis and bone develop-
ment (Longman et al 2013). Longman et a/ already speculated
that a dysfunction of NBAS in NMD processes could explain
skeletal dysplasia and Pelger-Huét anomaly as described in
SOPH syndrome. Depending on the functional consequences
of NBAS mutations, the NMD function of NBAS may become
affected to different degrees, resulting in a distinct grade of
regulation of, e.g., bone metabolism and therefore skeletal
involvement. The multisystemic phenotype of NBAS defi-
ciency is reminiscent of defects of cholesterol biosynthesis
whose genes are affected by NBAS-mediated NMD as well.
We have found no biochemical abnormalities of cholesterol
biosynthesis in our patients, however an intermittent deregu-
lation of cholesterol biosynthesis cannot be ruled out.

In up to 50 % of children with ALF the cause remains
undetermined. A significant proportion of these children
may have an underlying genetic disorder or predisposition.
As new patients have been quickly identified after the identi-
fication of the causative gene, NBAS deficiency seems to be a
frequent cause of RALF, and it may also be a frequent cause
for recurrent, milder liver crises not fulfilling criteria of an
ALF or isolated ALF in children. Extrahepatic symptoms or
comorbidities such as short statue, skeletal dysplasia,
hypotelorism or optic atrophy may help to identify NBAS
deficiency as the underlying cause of an unexplained ALF,
but patients may have no other symptoms apart from hepatic
involvement. As there is no specific laboratory marker, diag-
nosis of NBAS deficiency relies on genetic testing. The anal-
ysis of NBAS protein levels via immunohistochemistry of
liver biopsy or western blot analysis of fibroblasts may help
in the diagnostic process. Specific treatment with glucose and
lipid infusion ameliorates the course of ALF and early antipy-
retic therapy is rationally based on the demonstrated thermal
susceptibility of the syntaxin 18 complex. Although complete
recovery from liver crises is usually found, ALF can be lethal
in individual patients. Identification of NBAS deficiency in
patients with ALF allows optimized therapy and can even
facilitate prevention of further ALF episodes.
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