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ORIGINAL RESEARCH

Biallelic loss-of-function ZFYVET9 mutations are
associated with congenital hepatic fibrosis, sclerosing
cholangiopathy and high-GGT cholestasis
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ABSTRACT

Background For many children with intrahepatic
cholestasis and high-serum gamma-glutamy! transferase
(GGT) activity, a genetic aetiology of hepatobiliary
disease remains undefined. We sought to identify novel
genes mutated in children with idiopathic high-GGT
intrahepatic cholestasis, with clinical, histopathological
and functional correlations.

Methods We assembled a cohort of 25 children with
undiagnosed high-GGT cholestasis and without clinical
features of biliary-tract infection or radiological features
of choledochal malformation, sclerosing cholangitis or
cholelithiasis. Mutations were identified through whole-
exome sequencing and targeted Sanger sequencing.
We reviewed histopathological findings and assessed
phenotypical effects of ZFYVE19 deficiency in cultured
cells by immunofluorescence microscopy.

Results Nine Han Chinese children harboured biallelic,
predictedly complete loss-of-function pathogenic
mutations in ZFYVE19 (c.314C>G, p.S105X; ¢.379C>T,
p.Q127X; ¢.514C>T, p.R172X; ¢.547C>T, p.R183X;
€.226A>G, p.M76V). All had portal hypertension and,
at liver biopsy, histopathological features of the ductal
plate malformation (DPM)/congenital hepatic fibrosis
(CHF). Four children required liver transplantation for
recurrent gastrointestinal haemorrhage. DPM/CHF was
confirmed at hepatectomy, with sclerosing small-duct
cholangitis. Immunostaining for two primary-cilium
axonemal proteins found expression that was deficient
intraluminally and ectopic within cholangiocyte
cytoplasm. ZFYVE19 depletion in cultured cells yielded
abnormalities of centriole and axoneme.

Conclusion Biallelic ZFYVET9 mutations can lead to
high-GGT cholestasis and DPM/CHF in vivo. In vitro, they
can lead to centriolar and axonemal abnormalities. These
observations indicate that mutation in ZFYVE19 results,
through as yet undefined mechanisms, in a ciliopathy.

INTRODUCTION

Congenital hepatic fibrosis (CHF) comprises a set of
developmental abnormalities that are part of many
disease phenotypes.' Histopathological study in
CHEF finds fibrosis of portal tracts, usually without
inflammation; hypoplasia of portal venules; and
increased numbers of bile-duct profiles, usually
with luminal dilatation, and often at portal-tract
margins. This pattern is termed the ductal plate
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malformation (DPM).> The major sequela of CHF
is portal hypertension (PH), often clinically mani-
fested as splenomegaly, hypersplenism and vari-
ceal bleeding. CHF reflects dysfunction of primary
cilia® and often is accompanied by malformations in
other organs or malfunctions in other systems. Most
ciliopathies with DPM/CHF manifest cholestasis
only when complicated by infection or obstruc-
tion of the biliary tract,*” excepting double-cortin
domain-containing protein 2 (DCDC2) disease,®
tetratricopeptide repeat domain 26 disease’ and
perhaps polycystic kidney disease 1-like 1-related
‘syndromic’ biliary atresia.® Kinesin family member
12 (KIF12) disease and protein phosphatase 1F
(PPM1F) disease are putative cholangiociliopathies.
Histopathological features of portal tracts are not
described in PPM1F disease and in KIF12 disease do
not suggest DPM/CHE.” 1°

Forms of intrahepatic cholestasis can be catego-
rised by whether levels of serum gamma-glutamyl
transferase (GGT) activity rise together with serum
concentrations of conjugated bilirubin or remain in
normal ranges despite hyperbilirubinaemia. Higher
GGT values often reflect inflammatory cholangio-
pathy, as with Alagille syndrome, ATP binding
cassette subfamily B member 4 (ABCB4) disease,
extrahepatic biliary atresia, Langerhans cell histio-
cytosis and neonatal sclerosing cholangitis (CLDN1,
DCDC2, KIF12 or PPMIF disease).® "¢ While
high-GGT intrahepatic cholestasis in many paediatric
patients can be ascribed to defects in known genes,
substantial numbers of such patients remain without
genetic diagnoses.

We sought to identify genes mutated in children
with idiopathic high-GGT intrahepatic cholestasis.
Through whole-exome sequencing (WES) and
targeted Sanger sequencing (TSS), we detected patho-
genic biallelic mutations in ZFYVE19 in a subset of
these patients. This report describes our genetic, clin-
ical and histopathological studies in this subset, as
well as observations suggesting ciliopathy in cultured
cells lacking ZFYVE19.

METHODS

Patients

From 2004 to 2017, this study enrolled 25
Han Chinese patients (P, table 1) at Children’s
Hospital and Jinshan Hospital of Fudan University
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(Shanghai, China). All were children; all had undiagnosed intra-
hepatic cholestasis and high GGT values (>100U/L, expected
range 7-50U/L). Patients with congenital viral infections, cystic
renal disease or radiologically demonstrated sclerosing cholan-
gitis were excluded. A final patient (P30, table 1) was referred to
us after cohort assembly. Two cohorts of children were used as
controls. ‘Other liver’ controls (n=45) had either normal-GGT
intrahepatic cholestasis or liver disease without cholestasis.
‘Non-liver’ controls (n=299) had no hepatobiliary disease.

Genetic analysis

Genomic DNA materials were extracted by QIAamp DNA Blood
Mini Kit (51106, Qiagen, Hilden, Germany) from the periph-
eral blood of patients and available family members (parents and
siblings, all healthy). WES was performed in 18 patients and the
two control groups with the same sequencing platform (Genesky
Biotechnologies, Shanghai, China);'” WES for P30 was conducted
elsewhere (WuXi NextCODE, Shanghai, China). Total WES
depth was 100x. WES data were screened for candidate muta-
tions with a routine filtering procedure (online supplementary
figure $1).'8 Polyphen2, Sorting Intolerant from Tolerant (SIFT)
and MutationTaster were used to predict the pathogenicity of
candidate variants." TSS was performed to confirm variants
identified by WES, with primers for PCR amplification listed
in online supplementary table S1. For patients with insufficient
DNA materials, only TSS was performed to screen for mutations
of candidate genes. Sequencing approaches for each patient are
listed in online supplementary table S2.

mRNA and protein sequence analysis

ZFYVE19 mRNA sequence (NM_001077268) was analysed by
online servers ORFfinder,”” ATGpr*' and ESTScan®* to identify
translation initiation sites, and using G4hunter,” G4IPDB** and
QGRS Mapper® to identify G-quadruplexes. The ZFYVE19
protein sequences of Homo sapiens and eight orthologues (Pan
troglodytes, Canis lupus, Bos taurus, Mus musculus, Rattus
norvegicus, Gallus gallus, Xenopus tropicalis and Dario rerio)
were retrieved from the National Centre for Biotechnology
Information. Alignment of protein sequences was performed
by Multiple Sequence Comparison by Log-Expectation
(MUSCLE).*® The sequence logo was created by Jalview?” and
WebLogo.?

Histological and immunohistochemical studies

Native-liver biopsy specimens (n=7; P1, P4, PS5, P7, P14, P25
and P28) and explanted-liver specimens (n=3; P14, P29 and
P30) were reviewed for histopathological studies. Formalin-fixed
and paraffin-processed tissue sections (4um) were routinely
stained with H&E. Sections also were immunostained with anti-
bodies against the cholangiocyte-associated antigens cytokeratin
(CK) 7 (monoclonal mouse anti-human, OV-TL12/30, ready-
to-use; Agilent, Santa Clara, California, USA) and CK19 (P14,
P25 and P29) (monoclonal mouse anti-human, RCK108, ready-
to-use; Agilent) and the ciliary antigens acetylated alpha-tubulin
(ACALT) (mouse monoclonal antibody, T7451 clone 6-11B-1,
1:7500 dilution; Sigma-Aldrich, Taufkirchen, Germany) and
DCDC2 (mouse monoclonal antibody, sc-166051, 1:100 dilu-
tion; Santa Cruz Biotechnology, Dallas, Texas, USA; P4, PS5,
P14, P25 and P29). Liver specimens without any known disease
from two adults (surplus at liver donation) and from a child with
cholestatic ABCB4 disease were immunostained as controls.

Expression constructs
The coding sequence of human full-length (FL) ZFYVE19
(isoform uc001zmt.1) fused with an N-terminal hexahistidine

(His) tag and a C-terminal DYKDDDDK (FLAG) tag was synthe-
sised (General Biosystems, Chuzhou, China). The synthesised
DNA was cloned into the pcDNA3.1 vector (Thermo Scientific,
Rockford, Illinois, USA) to form the construct ZFYVE19-FL for
the expression of a 60 kD ZFYVE19 with an N-terminal His
and a C-terminal FLAG. The ¢.112_113insGGGGC insertion
and ¢.226A>G mutation were introduced into the ZFYVE19-FL
construct using KOD-Plus-Mutagenesis Kit (SMK-101; Toyobo
Biotech, Shanghai, China), according to the manufactur-
er’s protocol, to form the constructs ZFYVE19-insGGGGC
and ZFYVE19-M76V. All constructs were verified by Sanger
sequencing.

Transient transfection

HelLa cells were cultured in Dulbecco's modified Eagle's medium
(DMEM; Corning, Corning, New York, USA) supplemented with
10% foetal bovine serum (FBS, Corning). After cells attained
50%-60% confluency, transient transfections were carried out
using PolyJet In Vitro DNA Transfection Reagent (SignaGen
Laboratories, Rockville, Maryland, USA) according to the manu-
facturer’s protocol. The pcDNA3.1 empty vector was also trans-
fected as a negative control. Cells were harvested 48 hours after
transfection to allow protein overexpression.

Short hairpin RNA constructs and stable ZFYVE19-knockdown
cells

To knock down endogenous expression of ZFYVE19, three
short hairpin RNAs (shRNAs) were designed and cloned into
lentiviral vector pHBLV-U6-MCS-CMV-ZsGreen-PGK-PURO
(Hanbio, Shanghai, China) to produce lentivirus. A human telo-
merase reverse transcriptase—-immortalised retinal pigmented
epithelial cell line (h\TERT-RPE1, ATCC CRL-4000; ATCC,
Manassas, Virginia, USA; ‘hRPE1 cells’) was maintained in
DMEM/F12 medium (1:1) with L-glutamine and 15 mM HEPES
(Corning) supplemented with 10% FBS (Corning). Particles of
shRNA lentivirus and of scrambled shRNA control lentivirus
were added to the culture medium at a multiplicity of infection
of 30 when cells were grown to 50% confluence. Puromycin,
50uM (Selleck, Shanghai, China), was added to the culture
medium 48 hours after infection. After 7 days of puromycin
selection to enrich cultures in stably transfected cells, the cells
were harvested to assess ZFYVE19 knockdown efficiency by
western blot (online supplementary figure S2).

Fibroblast-like cells derived from patient-induced pluripotent
stem cells (iPSCs)

iPSCs were generated from peripheral blood mononuclear cells
of P14 as described (Gemple Biotech, Shanghai, China).”’ ¥ A
normal karyotype (46,XY) was confirmed by G-banding of meta-
phase chromosomes with an approximate resolution of 300-400
bands per haploid genome using standard procedures.”” Expres-
sion of typical pluripotency markers NANOG, OCT4, SOX2
and TRA-1-60 was confirmed by immunofluorescence staining.
The homozygous ZFYVE19 nonsense mutation ¢.314C>G was
retained, as confirmed by Sanger sequencing. Fibroblast-like
cells were derived as described.*

Immunofluorescence microscopy analysis

For immunofluorescence microscopy analysis, cells were seeded
onto glass coverslips in six-well plates and cultured in DMEM/
F12 medium (1:1) with L-glutamine and 15 mM HEPES supple-
mented with 10% FBS. When cells attained 80%-90% conflu-
ence, they were cultured in serum-free media for another 2 days
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Table 1 Clinical and histopathological features, summarised, of studied children with high-GGT intrahepatic cholestasis
Sex/age at Response to UDCA Genetic
P/F presentation First symptoms Evolution Histopathological features 15-20 mg/kg/day Outcome diagnosis
P1/F1 Jlbirth J Resolved J, 8 months; Explanted liver, micronodular Uncertain; UDCA started at LT at 5 years, 6 months ZFYVE19 disease
H, S, UGIH cirrhosis, ductular reaction (by 4 years, 11 months but taken
report, not reviewed) intermittently
P2/F2 412 months J Resolved J, 4 months; Micronodular cirrhosis Intermediate; Improved LFTs on UDCA at  Undiagnosed
pruritus, H, S UDCA started at 6 years 9 years
PA/F4 Q15 years H,S H, S, PH DPM Positive; Improved LFTs on UDCA ZFYVE19 disease
UDCA started at 5 years at 15 years, worsened on
UDCA at 17 years
P5/F4 Q/14 months H H DPM Positive; UDCA started at 14 Improved LFTs on UDCA at ~ ZFYVE19 disease
months, stopped at 10 years, 10 years, 4 months; UDCA
5 months stopped at 12 years, 4
months
P6/F5 4114 months H, S, steatorrhoea H,S, PH Extensive portal fibrosis with Positive; Normalised LFTs on UDCA  Undiagnosed
mixed inflammatory infiltration ~ UDCA started at 2 years at 3 years
P7/F6 4140 days J, diarrhoea Pruritus, H, PH DPM Intermediate; Improved LFTs on UDCA at ~ ZFYVE19 disease
UDCA started at 3.5 years 14 years, 1 month
P8/F7 A412.5 years J, H, fever H,S Portal widening and fibrosis, Positive; Normalised LFTs on UDCA  Undiagnosed
ductular reaction UDCA started at 3 years at 5 years
P9/F8 A12.5 years JH Pruritus, H, S, liver Micronodular cirrhosis, ductular ~ Negative; Death at 4 years Undiagnosed
failure reaction UDCA started at 3 years
P10/F9  J/birth J Normalised ND Positive; Normalised LFTs at 8 years;  Undiagnosed
UDCA started at 2 months ~ UDCA stopped at 5 months
P14/F13 /4 months Fever, diarrhoea H, S, PH, UGIH DPM, cholestasis Positive; LT at 6 years, 4 months ZFYVE19 disease
UDCA started at 1 year, 4
months
P15/F14 /2 days J J H, S, PH, ND Positive; Normalised LFTs on UDCA at Undiagnosed
UDCA started at 22 days 11 months
P16/F15  3/12 years H,S, H, S, PH, Portal widening and fibrosis, Positive; Normalised LFTs on UDCA  Undiagnosed
thrombocytopenia  thrombocytopenia  ductular reaction UDCA started at 12 years,  at 15 years
5 months
P17/F16  Q/1 year Fever, cough, Pruritus, H, S, PH Extensive portal fibrosis with Intermediate; Improved LFTs on UDCA at  Undiagnosed
diarrhoea mixed inflammatory infiltration UDCA started at 3 years, 5 4 years
months
P18/F16 /4 months Fever, cough H,S Extensive portal fibrosis with Intermediate; Improved LFTs on UDCA Undiagnosed
mixed inflammatory infiltration, ~ UDCA started at 1y8mo at2y
ductular reaction
P19/F17 411 year, 9 Cough H,S Ultrastructural features of Uncertain; LT at 5 years, 4 months Undiagnosed
months glycogen storage disease UDCA started at 1 year, 10
months
P20/F18  @/1 month J JLHS Portal fibrosis with mixed Positive; Normalised LFTs at 15 Undiagnosed
inflammatory infiltration, ductular UDCA started at 1 month, ~ months; UDCA stopped at
reaction, cholestasis 15 days 9 months
P21/F19  @/1 month J JEH,S ND Uncertain; UDCA started LT at 8 months Undiagnosed
at 6 months but taken
intermittently
P22/F20 Q9 /1w ) H,S Chronic inflammation, Uncertain; Unimproved LFTs on UDCA  Undiagnosed
intrahepatic bile-duct paucity UDCA started at 1 year, 3 at 4 years, 4 months
months
P23/F21  3/1week J H,S Portal inflammatory infiltration Uncertain; Lost to follow-up Undiagnosed
UDCA started at 1 month
P24/F22 212 days J H,S Spotty necrosis, with mixed Uncertain; Lost to follow-up Undiagnosed
inflammatory infiltration UDCA started at 1 month,
20 days
P25/F23  &/3 months J H,S Portal widening and fibrosis, Positive; Normalised LFTs on UDCA  ZFYVE19 disease
ductular reaction UDCA started at 4 years at 6 years
P26/F24  3/6 months Fever H,S Portal widening and fibrosis, Positive; Improved LFTs on UDCA at 3 Undiagnosed
ductular reaction UDCA started at 1 year years, 8 months
P27/F25 313 days J H Portal widening and fibrosis, Positive; Improved LFTs on UDCA at 1 Undiagnosed
ductular reaction UDCA started at 1 month year, 7 months
P28/F26  9/9 years H,S H,S Biopsy, DPM Positive; Improved LFTs on UDCA at ~ ZFYVE19 disease
UDCA started at 10 years 11 years
P29/F26 /4 years UGIH H,S DPM, fibro-obliterative loss of bile No UDCA LT at 4 years, 8 months ZFYVE19 disease
ducts with DPM
P30/F27  J/3months Fever, cough H, S, PH, UGIH DPM, fibro-obliterative loss of bile Positive; UDCA started at 3 LT at 1 year, 10 months ZFYVET19 disease

ducts with DPM, cholestasis

months

UDCA response is defined as negative when no improvement was observed in LFTs, intermediate when partial improvement was observed in LFTs and positive when LFT values returned to normal.
Histopathological findings are summarised from original reports or, when feasible, on review of sections.
&, male; @, female; DPM, ductal plate malformation; F, family; GGT, gamma-glutamyl transferase; H, hepatomegaly; J, jaundice; LFT, liver function test; LT, liver transplantation; ND, not done; P,
patient; PH, portal hypertension; S, splenomegaly; UDCA, ursodeoxycholic acid; UGIH, recurrent upper gastrointestinal haemorrhage.
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(‘serum starvation’) to induce cell cycle G1-phase/GO-phase
synchronisation, accompanied by ciliogenesis.’! Cells were
fixed and permeabilised with ice-cold methanol for 10 min,
then immunostained with antibody against the ciliary compo-
nent ADP-ribosylation factor-like GTPase 13B (ARL13B; rabbit
polyclonal antibody, 17711-1-AP, 1:1000 dilution; Proteintech,
Wuhan, China) and the centriole marker y-tubulin (mouse mono-
clonal antibody, T6557, 1:1000 dilution; Sigma-Aldrich). Goat
anti-rabbit Alexa Fluor 488 (A27034) and goat anti-mouse Alexa
Fluor 594 (R37117; both 1:1000 dilution; Thermo Scientific)
were used as secondary antibodies. We examined the appear-
ances of primary cilia and of centrioles in hRPE cells (both
scrambled control and ZFYVE19 knockdown) and in fibroblast-
like cells from P14 and a normal control.

Fluorescence images were acquired using a confocal laser scan-
ning microscope (Olympus FluoView FV1000, New York, USA).
Percentages of ciliation and of centriolar abnormality in each cell
group (n>100) were determined in three independent experi-
ments, and significance was determined by paired t-testing.

Western blotting

Whole-cell lysates (1x10° cells) or whole-tissue lysates (50 mg
human liver) in radioprecipitation assay buffer (50mM Tris,
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate and
0.19% sodium dodecyl sulfate (SDS)) with freshly added protease
inhibitor (88625, Thermo Scientific) were routinely processed
onto polyvinyl difluoride membranes following 12% SDS—poly-
acrylamide gel electrophoresis. The resulting blots were probed
with primary antibodies at 4°C overnight and with secondary
antibodies at room temperature for 1hour.

The primary antibodies used were directed against ZFYVE19
(rabbit polyclonal antibody, 23163-1-AP, 1:3000 dilution;
Proteintech), the octapeptide epitope tag FLAG (rabbit poly-
clonal antibody, F7425, 1:500 dilution; Sigma-Aldrich), the
multiple-histidine epitope tag His (mouse monoclonal antibody,
A00186, 1:2000 dilution; Genscript, Nanjing, China) and beta-
actin (mouse monoclonal antibody, 60008-1-Ig, 1:5000 dilu-
tion; Proteintech). Liver tissues were obtained at transplantation
from two patients with ZFYVE19 mutations (P14 and P29) and
seven patients with liver disease of other aetiologies (ABCB4)
deficiency, aldo-keto reductase family one member D1 deficiency,
non-syndromic biliary atresia, ATPase phospholipid transporting
8B1 deficiency, glycogen storage disease type Ia, neuroblastoma
amplified sequence deficiency and Alagille syndrome).

Statistical analysis

Statistical analyses were performed using software package
STATA V.10, and Fisher’s exact test was employed to compare
the frequency of mutated alleles between our patient cohorts
and both ‘other liver disease controls’” and ‘non-liver controls’. P
values of <0.05 were considered statistically significant.

RESULTS

Biallelic mutations in ZFYVE19: association with high-GGT
intrahepatic cholestasis

Nine patients carrying biallelic ZFYVE19 mutations in homozy-
gote or compound heterozygote form (figure 1A,B and table 1)
were identified in this study. Autosomal recessive inheritance was
confirmed by segregation of mutated alleles within pedigrees. In
eight patients, WES data excluded mutations in genes associated
with high-GGT cholestasis or CHF either in published reports
or in unpublished data assembled at our institute (online supple-
mentary table S3). Although individual patients harboured

FYVE Finger MIM1-A MIM1-B
74133 174-187 326-369
B F1 F4 F6
S105X S105X M76V S105X S105X S172X

-@ O

S$105X/81056X N.A.

'Y=

M76V / S105X (x 2) M76V $105X/R172X

F13 F23 F26 F27

(O [ HO

$105X $105X R183X $105X R172X R172X Q127X $105X

@ 0-E 0 0-0-m00

$105X/8105X S105X R183X/S105X R183X  R172X/R172X (x2) Q127X/S8105X N.A. N.A.

¢ T\

C2 C3 C4 C5 Ce6 C7 P14 P29

o ‘ - . . . ZFYVE19
Y Y YY L L4

Figure 1  ZFYVE19 protein, mutation sites; family pedigrees; and
expression. (A) ZFYVE19 protein schema with mutation sites (AA).
Renumbered mutation sites based on dAUG are indicated in parentheses.
(B) Pedigrees, families with ZFYVE19 mutations. (C) Expression of ZFYVE19
in livers demonstrated by western blot. ZFYVE19 was absent from
explanted livers of patients P14 and P29 and present in control livers (C1,
ABCB4 deficiency; C2, AKR1D1 deficiency; C3, biliary atresia; C4, ATP8B1
deficiency; C5, glycogen storage disease type la; C6, NBAS deficiency; C7,
Alagille syndrome). AA, amino acid; ABCB4, ATP binding cassette subfamily
B member 4; dAUG, downstream AUG; N.A., unavailable sample. AKR1D1,
aldo-keto reductase family one member D1; ATP8B1, ATPase phospholipid
transporting 881; NBAS, neuroblastoma amplified sequence.

GAPDH

mutations in various other genes (online supplementary table
S4), those genes have no established relationships with liver
disease. Without sufficient material for WES in P1, only TSS was
performed. This identified biallelic ZFYVE19 mutations. P1 had
also been studied previously to exclude ABCB4 mutations.*>
Five ZFYVE19 mutations were identified, including the two
novel mutations ¢.226A>Gand ¢.379C>T. The allele frequen-
cies of the other three mutations, ¢.314C>G, c.514C>T and
c.547C>T, were significantly higher in the patient cohorts than
in control cohorts and in the Exome Aggregation Consortium
(ExAC) and gnomAD databases (table 2). The incidence of bial-
lelic ZFVYE19 mutations in the patient cohort is 26%, which
is significantly higher than those in the ‘other liver controls’
(6/23 vs 0/45, p=0.0026) and the non-liver controls (6/23 vs
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Table 2 Mutations identified in ZFYVET9 (NM_001077268)

Allele frequency

P value of allele frequency
(Fisher's exact test)

Patient Patient

cohort versus cohort
Nucleotide ~ Genome position Amino acid Patient Other liver ~ Non-liver  other liver  versus non-
change (GRCh37/hg19) dbSNP rs# change ExAC gnomAD cohort control control control liver control
€.226A>G chr15:41100013 N.A. p.M76V N.A. N.A. 1/44 0/90 0/598 0.333 0.070
€314C>G chr15:41101351 rs769683740  p.S105X 10/120716 1.4e-5 7144 0/90 1/598 2.92e-04 3.37e-08
c.379C>T* chr15:41101416 N.A. p.Q127X N.A. N.A. N.A. N.A. N.A. N.A. N.A.
c514CT chr15:41102111 rs769683740 p.R172X 17120750 1.4e-5 3/44 0/90 0/598 0.034 3.02e-04
c.547CT chr15:41102144 15771251472 p.R183X 11120744 6.98e-6 1/44 0/90 0/598 0.333 0.070

*The mutation ¢.379C>T was identified only in P30, who was enrolled after initial patient cohort assembly. Allele frequency of ¢.379C>T was not calculated.

EXAC, Exome Aggregation Consortium; N. A, not available.

0/299, p<0.0001). Our data thus demonstrate an association
between biallelic ZFYVE19 mutations and high-GGT intrahe-
patic cholestasis.

Alternative translation—initiation site: identification,
confirmation and implications
G-quadruplexes were identified at guanine-rich regions of
ZFYVE19 (figure 2A). Translation initiation by the annotated
AUG was likely to be inhibited by the presence of G-quadru-
plexes, which are stable translation-inhibiting secondary struc-
tures mostly situated in 5’ un-translated regions.>>™ The 5-base
polymorphism  ¢.112_113insGGGGC  (rs142730574) was
recorded in ExAC with high frequencies of 35.55% for hetero-
zygotes and 12.6% for homozygotes. It had no functional conse-
quence. This indicated a downstream AUG (dAUG) with optimal
Kozak context as an alternative translation—initiation site for
the translation of a 396-amino acid (AA) isoform of ZFYVE19
(BC021092)* starting from methionine-76 (M76). The residue
M?76 was strongly conserved across species (figure 2B).
Translation initiation of ZFYVE19 protein from M76 was
confirmed by in vitro overexpression of constructs ZFYVE19-FL
and ZFYVE19-insGGGGC, shown as a 50 kD band on western
blotting (figure 2C,D). Translation initiation from M1 was only
observed in vitro with forced overexpression and not in vivo
(figure 1C and online supplementary figure S3), consistent with
a fully functional 396-AA isoform translated from dAUG. In this
functional isoform, the mutation ¢.226A>G, p.M76V would
disrupt translation initiation (c.1A>G, p.M1?). By this reworked
numbering scheme, the other four mutations were designated as
¢.314C>G, p.S105X/c.89C>G, p.S30X; ¢.379C>T, p.Q127X-
/c.156C>T, p.Q52X; c.514C>T, p.R172X/c.289C>T, p.R9I7X;
c.547C>T, p.R183X/c.322C>T, p.R108X (figure 1A). All five
mutations thus predictedly cause complete loss of function in
ZFYVE19.

Patients with ZFYVE19 mutations: clinical and imaging study
features
All nine children with biallelic ZFYVE19 mutations were born at
term, with normal weight, following an uneventful pregnancy.
Only in F1 (P1) was parental consanguinity acknowledged.
There were two pairs of siblings (P4 and P5, P28 and P29). None
of the seven families knew of a genealogical link to any other.
Seven patients were referred to us for evaluation of abnormal
hepatobiliary-disease biomarker values with PH and its sequelae,
such as hepatosplenomegaly (n=6; P1, P4, P7, P14, P25 and
P30) and/or upper gastrointestinal (GI) tract bleeding (n=4;
P1, P14, P29 and P30). Two patients were identified on family

screening: In P35, the sibling of P4, biomarker values were noted
to be abnormal, with hepatomegaly found on further evaluation;
in P28, the sibling of P29, hepatosplenomegaly was noted, with
abnormal biomarker values on further evaluation.

P4, P14 and P28 had thrombocytopenia ascribed to hyper-
splenism. No child was icteric at enrolment in the study,
although P1, P7, P25 and P30 had been jaundiced as neonates.
GGT was elevated in all nine, as were serum alanine transami-
nase (ALT) and aspartate transaminase (AST) activities (table 3).
All patients had undergone ultrasonography and P4, P14 and
P25 had undergone magnetic resonance cholangiopancreatog-
raphy. None had signs of large bile-duct sclerosing cholangitis.
No patient underwent endoscopic cholangiopancreatography.
Neither nephromegaly nor frank renal cystic change was iden-
tified in any of the nine patients. Four patients (P1, P14, P29
and P30) underwent LT for recurrent GI bleeding. Hepatocel-
lular synthetic function was generally preserved, even in those
patients who underwent LT.

Seven patients (P1, P4, P5, P7, P14, P25 and P30) received
ursodeoxycholic acid (UDCA), 15-20 mg/kg/day. ALT, AST and
GGT values fell to expected ranges with UDCA treatment in all.
In three patients who temporarily discontinued UDCA, ALT, AST
and GGT values flared (P1, P4 and P5; table 3). Although P14
had continuously received UDCA for 5 years, with biomarkers
in normal ranges, GI haemorrhage recurred and liver transplan-
tation (LT) was required at age 6 years, 4 months (survival to
date, without disease, 4 months). Biomarker values similarly
normalised in P1 at age 4 years, 11 months, with initiation of
UDCA therapy, but GI haemorrhage recurred after UDCA treat-
ment was interrupted for 1 month. He underwent LT at age 5
years, 6 months (survival to date, without disease, 14 years).
P29, managed elsewhere, never received UDCA. She underwent
LT at age 4 years, 8 months (survival to date, without disease,
12 months). P30 had continuously received UDCA since age 3
months, with improvement in biochemical profile. However, GI
haemorrhage recurred, and the patient underwent LT aged 22
months (survival to date, without disease, 2 months).

Histopathological findings

The seven liver-biopsy specimens, all percutaneous, necessarily
sampled peripheral liver. They included interlobular and small
septal portal tracts with lobule. The portal tracts were expanded
by fibrosis without oedema or substantial inflammation. They
and the draining venules were irregularly disposed, rather than
equidistantly spaced from one another. The portal tracts gener-
ally contained increased numbers of bile-duct profiles. These
were not ectatic. However, portal-vein radicles were small or
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Figure 2 ZFYVET9, its variants and its expression. (A) mRNA schema. The identified G-quadruplex, SAUG and dAUG are indicated. (B) The residue M76

is conserved across species. (C) Diagram of expression constructs ZFYVE19-FL, ZFYVE19-M76V and ZFYVE19-insGGGGC. The sites of the His tag, FLAG

tag, mutation M76V and ¢.112_113insGGGGC are shown, and the overexpressed proteins are also illustrated with their sizes in western blot profiles. (D)
Western blot profiles of overexpressed ZFYVE19 isoforms detected by anti-ZFYVE19, anti-His and anti-FLAG antibodies. A 60 kD band was detectable in
Hela cells transfected with expression constructs ZFYVE19-FL and ZFYVE19-M76V (detected by antibodies against ZFYVE19, the His tag and the FLAG

tag). The 60 kD band was not detected for construct ZFYVE19-insGGGGC, confirming that ¢.112_113insGGGGC abolishes expression of the 471-AA-long
ZFYVE19 isoform. A 50 kD band was demonstrable for constructs ZFYVE19-FL and ZFYVE19-insGGGGC using anti-ZFYVE19 and anti-FLAG antibodies, but
was not detectable with anti-His antibody, as the N-terminal His tag was not expressed when translation was initiated from dAUG. dAUG, downstream AUG;

sAUG, annotated AUG.

lacking. Lobular disarray and inflammation were not encoun-
tered. Sinusoids and draining venules were architecturally unre-
markable. Although accumulations of bile pigment were not
observed at any site, metallothionein deposits were found in
juxtaportal hepatocytes. These findings were consonant with the
DPM and with chronic anicteric cholestasis.

Samples from three explanted livers (P14, P29 and P30)
included large and small septal portal tracts as well as inter-
lobular portal tracts. Many of these were markedly broadened
(figure 3A,B). Both large (figure 3A) and small (figure 3C) portal

tracts were again of note for hypoplasia or absence of portal
venules. Hypoplasia of portal-vein branches was not apparent in
large septal portal tracts (figure 3D). Irregularity in disposition of
portal tracts and draining venules was evident. Bile-duct profiles
were abnormal, with staghorn configurations (arrow, figure 3D).
In some portal tracts, periductal fibrosis was found, occasion-
ally with disarray of cholangiocytes. Attenuation and atypism of
cholangiocytes were found in some smaller ducts, with atrophy
and extinction (replacement by scar; arrows, figure 3C). Portal
tracts were cuffed by bile ductules without neutrophil-leucocyte
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Table 3 Clinical findings and evolution of biomarkers in patients with ZFYVE19 disease

Liver texture on
palpation/width

Spleen texture on
palpation/width

Age at below ribs in right below ribs in left ~ TB/DB ALT/AST GGT ALB TBA UDCA
Patient sampling midclavicular line  midclavicular line  (pmol/L) (U/L) (U/L) (g/L) (pmol/L) administration
P1 4 years, 10 Stiff/1 cm Stiff/6 cm 17/8 183/129 236 32.7 N.A. None
months
4 years, 11 N.A. N.A. 18/5 26/17 44 431 N.A. 15mg/kg/day
months
5 years, 1 Stiff/1.5cm Stiff/5 cm 15.4/8 223/189 307 N.A. N.A. None
month
5 year, 6 months N.A. N.A. N.A./N.A. 34/40 127 19.2 N.A. None, LT at 5 years, 7
months
7 years, 3 Not palpable Not palpable 6.7/3.1 35/32 34 24 N.A. None, 1 year, 8 months
months after LT
P4 4 years, 1 N.A. N.A. 9.6/3.5 205/181 276 N.A. N.A. None
month
5 years Stiff/1.5 cm Stiff/4.5 cm 10.4/4.6 292/203 279 N.A. N.A. None
6 years Stiff/1 cm Stiff/4cm 5.3/3.5 56/48 52 42.7 50.6 15mg/kg/day
8 years, 7 Stiff/1 cm Stiff/3 cm 5.2/2.5 38/40 38 44.4 7.9 15mg/kg/day
months
11 years, 7 Not palpable Stiff/5 cm 5.6/4.9 41/35 96 441 16.9 6mg/kg/day
months
15 years, 4 Not palpable Stiff/5 cm 18.8/11.2 39/58 55 38 199.1 10mg/kg/day
months
17 years, 2 Not palpable Stiff/3cm 54.8/14.2 1741157 157 35.5 20.5 7mg/kg/day
months
P5 1 year, 1 month Stiff/3cm Not palpable 2.111.6 351/189 366 44.7 28.6 None
2 yrars, 5 N.A. N.A. 4.71.7 12120 1" N.A. 10.2 10 mg/kg/day
months
6 years, 6 N.A. N.A. 5.8/2.2 110/75 69 44.4 6.7 None
months
6 years, 7 N.A. N.A. 5.9/2.0 38/32 42 44.5 28.0 10mg/kg/day
months
8 years, 10 Not palpable Not palpable 3.71.7 9/5 32 44.2 253 10 mg/kg/day
months
12 years, 4 Not palpable Not palpable 7113 95/37 131 43 24 None
months
P7 1 month, 25 N.A. N.A. 48.4/44 77119 756 43.7 182.3 None
days
3 years, 9 Stiff/2cm Not palpable 11.4/3.1 39/89 487 47.7 4.5 15mg/kg/day
months
6 years, 2 Stiff/0.5cm Not palpable 4.71.8 14/25 137 446 213 30mg/kg/day
months
11 years, 11 Not palpable Not palpable 6.4/3.1 2316 46 45.7 5.1 15mg/kg/day
months
14 years,1 Not palpable Not palpable 14.1/5.2 39/27.9 50.8 46.7 20.3 15mg/kg/day
month
P14 4 months, 16 N.A. N.A. 4/2.5 66/87 364 43 N.A. None
days
1 year, 4 months Stiff/4 cm Stiff / 4.5cm 5.5/2.3 45/194 424 474 28.4 None
3 years, 3 Stiff/3cm Stiff /3cm 6.6/2.2 18/30 45 438 36.4 15mglkg/day
months
5 years, 11 Stiff/0.5cm Stiff / 4.5cm 6.4/2.3 772 68 4.7 N.A. 15 mg/kg/day
months
6 years, 8 Stiff/5cm Stiff / 9cm 11.13.2 20/38 - 40 - 15mgl/kg/day LT at 6
months years, 4 months
7 years, 5 N.A. N.A. 5.8/1.9 126/54 192 46.4 44 None, after LT
months
P25 3 months, 1 day N.A. N.A. 114.5/72.3 2731171 N.A. N.A. 124 None
4 years Soft/2cm Soft/2cm 29.2/23.2 225173 481 39 98.8 None
4 years, 3 Stiff/0.5cm Not palpable 20.112.4 1261127 317 44 141.2 15mg/kg/day
months
4 years, 6 Not palpable Not palpable 17.513.5 43/58 103 36.3 N.A. 25mg/kg/day
months
5 years, 3 Not palpable Not palpable 9.1/4.5 56.7/70.6 121 35.2 N.A. 25mg/kg/day
months
Continued
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Table 3 Continued

Liver texture on
palpation/width

Spleen texture on
palpation/width

Age at below ribs in right below ribs in left ~ TB/DB ALT/AST GGT ALB TBA UDCA
Patient sampling midclavicular line  midclavicular line  (pmol/L) (U/L) (U/L) (g/L) (pmol/L) administration
P28 9 years, 5 Not palpable Stiff/1 cm 27.3/10.2 69/64 239 42 38.2 None
months
11 years, 2 Not palpable Stiff/2.5cm 35.6/11.8 27.9/45.2 42 42,5 213 12.5mg/kg/day
months
P29 4 years, 5 N.A. N.A. N.A./N.A. 95.8/101 282 27 N.A. None
months
4 years, 7 Stiff/2 cm Stiff/1.5cm 13.2/4.7 63/70 342 35.7 171 None, LT at 4 years, 8
months months
5 years, 4 Not palpable Not palpable 17.2/3.1 15/43 10 4.4 2.7 None, 8 months
months after LT
P30 3 months, 3 Not palpable Not palpable 38.3/32.7 93/92 753 - ni None
days
4months, 13 Stiff/dcm Soft/3cm 15.5/6.6 78/95 542 40.8 38.4 15mg/kg/day
days
1 year, 4 months Stiff/3cm Stiff/6 cm 12.8/6.3 25/69 231 33.7 113.5 15mg/kg/day
1 year, 10 Stiff/1.5cm Stiff/4,5cm 11.4/6.5 29/70.7 157 43.6 17 15mg/kg/day
months
1 year, 11 Not palpable Not palpable 11.2/45 38/60.1 744 334 1.8 None, 3 weeks after LT
months
Expected 5.1-17.1/0-6 0-40/0-40 7-50 35-55 0-10
values

ALB, albumin; ALT, alanine transaminase; AST, aspartate transaminase; DB, direct bilirubin; GGT, gamma-glutamyl transferase; LT, liver transplantation; N.A., not available; P, patient; TB, total

bilirubin; TBA, total bile acids; UDCA, ursodeoxycholic acid.

infiltrates, on occasion suggesting persistence of the ductal plate.
Accumulations of bile pigment were present in some portal
tracts (arrow, figure 3E), and metallothionein deposits again
were present, extending several tiers of hepatocytes or deeper
from portal tracts into the lobule (figure 3F). These findings
were consonant with the DPM and with chronic cholestasis in
the setting of sclerosing cholangiopathy other than usual autoim-
mune or primary sclerosing cholangitis.

Immunohistochemical and western blot findings
Immunostaining for CK7 and CK19 alike highlighted bile ducts
and ductules. Focal heterotopic expression of CK7 by hepato-
cytes remote from portal tracts was noted in explanted livers.
In control material, expression of both ACALT and DCDC2
was demonstrated immunohistochemically, with intraluminal
threadlike or dot-like marking suggesting axonemal location
and without cytoplasmic expression (figure 4A). Such marking
was markedly deficient or absent in patient materials, in which
heterotopic expression within cytoplasm of cholangiocytes was
found for both antigens (figure 4B,C). Immunostaining for
ZFYVE19 was attempted, using several commercially available
monoclonal and polyclonal antibodies, and was unsuccessful.
Consistent with preferred use of the dAUG alternative transla-
tion—initiation site, no protein band corresponding to 50 kD was
demonstrated in two patients’ explanted tissues (P14 and P29)
by western blotting (figure 1C).

Depletion of ZFYVE19 yields phenotypes with ciliary and
centriolar abnormalities

As our histopathological and immunohistochemical find-
ings suggested a ciliopathy, we assessed cilia-related pheno-
types on ZFYVE19 depletion in hRPE1 and fibroblast cells,
which are commonly adopted cell models for cilia study.’” ¥
In ZFYVE19-knockdown hRPE1 cells, a prominent phenotyp-
ical abnormality, was an increase in numbers of basal bodies/
centrioles (figure 5A,B), which in interphase control cells

existed as paired and closely approximated structures. Sepa-
ration/abnormal arrangement of the centriole pair(s) was also
observed (figure 5A). However, cilium assembly was not affected
(figure 5C), and extra cilia took shape at extra basal bodies/
centrioles (figure 5A). Similar phenotypes involving abnormali-
ties of ciliary and centriolar numbers but not of cilium assembly
were demonstrated in ZFYVE19-deficient fibroblast-like cells
derived from patient iPSCs (figure SD-F). Our data thus indicate
that ZFYVE19 participates in cilia-related processes.

DISCUSSION

Identification of a dAUG permitted us to demonstrate the pref-
erential translation of a functional ZFYVE19 isoform initiated
from M76. All five mutations found in ZFYVE19 patients lie in
either the FYVE-type zinc finger domain or the MIM1-A motif
that mediates the interaction between ZFYVE19 and vacuolar
protein sorting-associated protein 4 (VPS4). They are predict-
edly pathogenic and likely cause complete loss of expression
in ZFYVE19, either by disrupting translation initiation or via
nonsense-mediated decay. Indeed, in patients with homozygous
nonsense mutations (P14 and P29), we detected no ZFYVE19
expression in liver (figure 1C).

ZFYVE19 has been reported as a key regulator of abscission
in cytokinesis, localised at the cleavage furrow and cytoplasmic-
bridge midbody ring.** The midbody and centriole migrate
after abscission to the same cell-surface site and participate in
ciliogenesis. Interference with expression of ZFYVE19 causes
abnormal chromosomal segregation and DNA damage. During
interphase, ZFYVE19 locates mainly on centrosomes. GO is a
special phase of interphase, when the primary cilium emerges
from the older centriole of a centrosome. As essential organ-
elles, numbers of centrioles and primary cilia (two centrioles and
one primary cilium per cell) are tightly controlled to subserve
normal cell polarity, motility and signalling.*” Our work in both
hRPE1 cells and fibroblast-like cells (a cultured-cholangiocyte
model was unavailable) demonstrated supernumerary centrioles
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Figure 3  Histopathological findings. CHF and DPM; bland parenchyma,
markedly broadened portal tracts deficient in portal-vein radicles (A,B)
and exhibiting dense fibrosis (B), bile-duct profiles in excess (C), with
periductal hyalinisation (C, between arrows) and angulated ('staghorn’)
lumina (D, arrow); bile plugs in occasional ducts (E, arrow, again with
periductal hyalinisation) and metallothionein deposits within juxtaseptal
hepatocytes (F). Note in all the absence of ‘interface activity': features of a
hepatitis are lacking throughout. (A) Periodic acid-Schiff technique, original
magnification x40; (B) chromotrope aniline blue, original magnification
x40; (C,D) H&E, original magnifications x200 and x 100, respectively; (E)
diastase—PAS technique, original magnification x200; (F) Victoria blue,
original magnification x100; (A—F) representative images, P14 and P30.
DPM, ductal plate malformation; CHF, congenital hepatic fibrosis.

and cilia when ZFYVE19 was depleted. We infer that in vivo
as well ZFYVE19 deficiency leads to disruption of cilia-related
processes or cilia-regulated pathways.*!

Developmental and degenerative disorders caused by ciliary
dysfunction, referred to as ciliopathies, affect various organs
and systems and manifest diverse clinical features.*?* In liver,
hepatocytes do not express cilia but cholangiocytes do. Their
primary cilia extend into the bile-duct lumen. Changes in bile
flow and composition are thought to be sensed through the
primary cilium and translated into changes in the functions
of cholangiocytes.** Mutations in genes encoding cilium-
associated proteins may lead to hypoplasia of portal-vein
radicles, increased fibrosis of portal tracts and proliferation
of cholangiocytes (with bile ducts more numerous, larger
in diameter and more peripherally sited within the portal
tract than normal), a set of associated malformations loosely
referred to, depending on appearance, as the DPM or as CHF.!
Our patients with ZFYVE19 mutations on histopathological
study had portal-tract abnormalities consonant with the DPM
or CHEF, with the companion of sclerosing cholangiopathy.
We consider their disorder a novel ciliopathy and ascribe it to
mutations in ZFYVE19.

Novel disease loci
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Figure 4 Immunohistopathological findings. (A) In a control patient with
ABCB4 deficiency, intraluminal bile-duct marking (arrows) is evident on
immunostaining for DCDC2 (main image) and ACALT (inset image), which
are constituents of the cilliary axoneme. Cholangiocyte cytoplasm does
not mark. (B) Abnormal marking for DCDC2 in a patient with ZFYVE19
deficiency. Axonemal marking (arrow) is diminished, and cholangiocyte
cytoplasm marks palely. (C) Abnormal marking for ACALT in a patient
with ZFYVE19 deficiency. Axonemal marking is lacking, and cholangiocyte
cytoplasm marks darkly. Additional pericanalicular ectopic expression of
ACALT is visible in hepatocytes. All images, 3-amino-9-ethylcarbazole
chromogen with haematoxylin counterstain; (A,B) original magnification
x200; (C) original magnification x100. ABCB4, ATP binding cassette
subfamily B member 4; ACALT, acetylated alpha-tubulin; DCDC2, double-
cortin domain-containing protein 2.
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Figure 5 Cilia-related phenotypes caused by depletion of ZFYVE19. (A) Representative images of ZFYVE19-knockdown hRPE1 cells. (B) Percentage

of hRPE1 cells with abnormal basal bodies/centrioles, in comparison with the scrambled control. Significance was determined using paired t-testing.

(C) Percentage of ciliated hRPE1 cells. (D) Representative images of ZFYVE19-deficient fibroblast-like cells derived from patient iPSCs. (E) Percentage of
fibroblast-like cells with abnormal basal bodies/centrioles, in comparison with the normal control. Significance was determined using paired t-testing. (F)
Percentage of ciliated fibroblast-like cells. (A,D) Centrioles and cilia were immunostained for ARL 13b (Alexa fluor 488, green) and y-tubulin (Alexa fluor
594, red), respectively. DNA was stained with 4',6-diamidino-2-phenylindole (blue). Scale bar, 10 um. Two ‘merge’ panels demonstrate abnormal ciliary and
centriolar numbers in a single cell—the first merge panel shows centrioles, cilia and nucleus; the second merge panel shows a closer view of centrioles and
cilia. *P<0.05, **P<0.001. iPSC, induced pluripotent stem cell.
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Their disorder is, however, unusual for ciliopathy in one
clinical aspect. Ciliopathy that manifests with the DPM or
CHEF is not generally associated with elevated GGT values or
with cholestasis (barring biliary-tract obstruction or infection),
yet our patients were selected for high-GGT cholestasis. In
addition, our patients had histopathological features of scle-
rosing cholangiopathy with cholestasis, including evidence of
impaired biliary excretion of copper (inferred from deposits
of copper-chelating metallothioneins). These changes suggest
biliary-tract injury as an important manifestation of ZFYVE19
disease. One other well-described ciliopathy, DCDC2 disease,
is similarly characterised by elevated GGT values and scle-
rosing cholangiopathy, although cholangiopathy in DCDC2
disease includes large-duct lesions of a type not appreciated
in our ZFYVE19 disease patients. DCDC2 is not known to
localise at the ciliary base; immunostaining demonstrates it
instead within the axoneme, where it is thought to interact
with tubulin. The mechanisms by which DCDC2 deficiency
and ZFYVE19 deficiency increase cholangiocyte susceptibility
to injury are unclear.

Of interest is abnormal localisation of ciliary proteins
DCDC2 and ACALT in our patients’ cholangiocytes. This
might non-specifically reflect cholangiocellular injury (unpub-
lished observations). Also possible, however, is that ZFYVE19
acts in concert with VPS4 at the intracytoplasmic functional
barrier to free exchange of proteins between the cilium proper
and the remainder of the cell.* *® Disruption of the coordi-
nated function of VPS4 and ZFYVE19 might lead to diffusion
of ciliary proteins into the wider cytoplasm.

Also of interest is the lack of clinically manifest extrahepatic
disease in our patients, who of course were selected for a hepa-
tobiliary phenotype. Full descriptions and analyses of extra-
hepatic disease in DCDC2 disease patients with hepatobiliary
disease as a predominating feature have yet to be published.
However, mutation in DCDC2 has been associated not only
with neonatal sclerosing cholangitis' '**” but also with intel-
lectual deficiency,®® * hearing loss* and nephronophthisis.*®
Ciliopathies are, as a rule, multiorgan and multisystem disor-
ders. We expect that as other patients with ZFYVE19 muta-
tions are studied, the disease phenotype will be extended to
organs and systems outside the liver and biliary tract. In addi-
tion, we mean to monitor our patients with ZFYVE19 disease
to see if, as they grow, new effects of ZFYVE19 deficiency
appear. Given that abnormal chromosomal segregation and
DNA damage follow ZFYVE19 depletion in vitro,* we shall
bear a hypothetically increased risk of malignancy in mind.
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