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INTRODUCTION: The etiology of acute liver failure (ALF) remains an important prognostic factor. The Acute Liver Failure

Study Group recently reported that 150 of 2,718 adult patients with ALF (5.5%) had an indeterminate
etiology. Our aim was to use whole exome sequencing to identify genetic variants associated with

phenotypic, biochemical, and histologic features among patients with indeterminate ALF.

METHODS: This effort has defined a cohort of well-pedigreed patients with indeterminate ALF; DNA samples

extracted fromwhole blood sampleswere obtained from26 respective patientswith indeterminateALF.
These samples were kept at the Acute Liver Failure Study Group repository at the NIDDK, Bethesda.

Whole exome sequencing and bioinformatics analysis were performed at the Mayo Clinic Center of

Individualized Medicine in Rochester, MN.

RESULTS: Of the26patients, 8 survived spontaneously, 6died, and12underwent a liver transplantation; all those

transplanted were alive at 21 days after enrollment in the study. Twenty-two of the 26 patients

presented as ALF. We found 12 variants associated with 11 genes. The most common variant was

rs4940595 in the SERPINB11 gene which was found in 23 of the 26 patients. This variant had a stop

codon; no reports of disorders have been associated with this variant. The next most commonly found

variant was rs1135840 in theCYP2D6 gene; thismutation is amissense_variant and has been reported

to be associatedwith hepatotoxicity of antituberculous therapy. None of our patients were receiving this

therapy. We also found a significant asymmetric distribution of rs1800754 of the CYP2D7 gene and

rs1135840 of the CYP2D6 gene between patients who survived spontaneously (75%) and those who

died or underwent liver transplantation (30.5% and 25%, respectively).

DISCUSSION: We found 12 variants of 11 genes significantly associated with ALF among adults with indeterminate
etiology.We also found a significant asymmetric distribution of 2 variants belonging to theCYP2D7 and

CYP2D6 genes, respectively, between those who survived spontaneously and those who died or

underwent liver transplantation. The 2 most common variants, rs4940595 and rs1135840, of the

SERPINB11 and CYP2D6 genes, respectively, found in our patients with ALF have been described as

potentially important in the adaptive response combating the emergence of infectious diseases and

associated with hepatotoxicity of antituberculous therapy, respectively. Our findings need to be

expanded to include more patients with indeterminate ALF as well as viral, drug toxicity, and

autoimmune etiologies to determine whether our findings are associated with the specific etiology,

indeterminate, or with the overall ALF syndrome itself.
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INTRODUCTION
The etiology of acute liver failure (ALF) remains an important
prognostic factor. The Acute Liver Failure Study Group (ALFSG)
initiated a registry in January 1998 to characterize the etiologies,

clinical features, and outcomes of this condition among adults in
the United States and Canada. In a recent publication, Ganger
et al. (1) from the ALFSG reported that 150 of 2,718 patients
(5.5%) had an indeterminate etiology.
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Among children with liver failure, the indeterminate etiology is
more commonly found and estimated to affect around 50% of the
cases. Vilarinho et al. (2) studied 3 children with whole exome se-
quencing (WES) to investigate the possibility of an atypical pre-
sentation of inherited metabolic liver diseases. One patient with the
clinical diagnosis of Wilson disease was found to have a recessive
MPV17mutation; a secondpatient presentedwithneonatal fatal liver
failure and was found to have a homozygous splice site mutation in
the SERAC1 gene. Last, a third patient who presented with pro-
gressive cholestasis and liver failure was found to have a NOTCH2
gene mutation. Amore recent publication reported deep sequencing
among 12 children with ALF and tissue evidence of impaired energy
metabolism (3); the authors customized a next-generation sequenc-
ing panel for 26 genes associated with mitochondrial and fatty acid
oxidation defects. Five of the 12 patients had variants involving the
genes ACAD9, POLG, POLG2, DGUOK, and RRM2B.

There have beenno similar reports among adultswithALF.The
ALFSG, National Institutes of Health-sponsored consortium
whichhas been operating since 1998, has not only reported seminal
publications regarding this condition but also collected serum and
DNA samples frompatients withALF enrolled in this study. At the
same time, the ALFSG has evaluated each patient enrolled and
assigned an etiology by the implementation of a Causality Adju-
dication Committee (1). This effort has defined a cohort of well-
pedigreed patients with indeterminate ALF from whom DNA
samples extracted from whole blood samples have been collected.
This collection provided a unique opportunity to perform WES.

Our aimwas to useWES to identify genetic variants associated
with phenotypic, biochemical, and histologic features among
patients with indeterminate ALF. This diagnosis was established
by strict criteria defined by the Causality Adjudication Com-
mittee of the ALFSG (1).

METHODS
Between 1998 and2015, 2,670 patientswith acute liver injury (ALI)
andALFhavebeen enrolled in theALFSGregistrywherein detailed
data and daily biosamples are collected over 7 days. All study
patientsmet criteria forALForALI as definedpreviously; to ensure
patients with ALI had severe liver dysfunction, we have previously
defined ALI as international normalized ratio$ 2.0 (1,4). Patients
with chronic liver disease or cirrhosis were excluded, with the ex-
ception of certain patients with chronic hepatitis B or Wilson
disease presenting with rapid onset of severe illness in the absence
of a history of known liver disease. For each enrolled subject, de-
tailed demographic, clinical, laboratory, radiologic, and outcomes
datawere recorded. Etiologic diagnosesweremade by the principal
investigator at each study site using standard criteria, based on the
history and clinical presentation, laboratory, radiographic in-
formation, and liver biopsy results, when available. When a thor-
ough investigation failed to disclose a cause, the etiology was
designated indeterminate. In some instances, serologic data to
complete the exclusion of other etiologies were not available. In
particular, patients with indeterminate etiology were reviewed in
detail by the Causality Committee composed of senior hepatolo-
gists for confirmation that most if not all diagnostic testing was
complete and a specific etiology remained unknown. For each
subject, written informed consent was obtained from next of kin
because of the presence of hepatic encephalopathy, with approval
consent revisited with the patient after recovery. Consent was
provided by the patients if they exhibited no evidence of hepatic
encephalopathy (ALI) and by the patients’ legal next of kin if they

had any signs of encephalopathy (ALF). Institutional Review
Boards of each participating institution have approved the ALFSG
registry. A total of 150 patients were deemed to have indeterminate
ALF by theALFSGCausality Adjudication Committee (1); only 26
of these well-pedigreed 150 patients had DNA samples that had
been extracted from whole blood samples and kept at the ALFSG
repository at the NIDDK, Bethesda. Although the enrollment of
patients and their respective collection of clinical data began in
1998, we only began to collect serum DNA in 2005. In many
instances, relatives allowed data collection at enrollment but were
wary to provide permission for serum DNA collection. WES and
bioinformatics analysis were performed at the Mayo Clinic Center
of Individualized Medicine in Rochester, MN.

Paired-end libraries were prepared using 1.0 mg of genomic
DNA following the manufacturer’s protocol (Agilent) using the
Agilent Bravo liquid handler. The concentration and size distri-
bution of the completed libraries were determined using anAgilent
Bioanalyzer DNA 1000 chip (Santa Clara, CA) and Qubit fluor-
ometry (Invitrogen, Carlsbad, CA). Whole exon capture was car-
ried out using 750 ng of the prepped library following the protocol
for Agilent’s SureSelect Human All Exon v5 1 UTRs 75 MB kit.
The purified capture products are then amplified using the Sure-
Select Post-Capture Indexing forward and Index polymerase chain
reaction reverse primers (Agilent) for 12 cycles. The concentration
and size distribution of the completed captured libraries were de-
termined on Qubit (Invitrogen) and Agilent Bioanalyzer DNA
1000 chip.

Libraries were sequenced at an average coverage of ;80X
following Illumina’s standard protocol using the Illumina cBot
and HiSeq 3,000/4,000 PE Cluster Kit. The flow cells were se-
quenced as 1503 2 paired-end reads on an Illumina HiSeq 4,000
using HiSeq 3,000/4,000 sequencing kit and HCS v3.3.52 collec-
tion software. Base-calling is performed using Illumina’s RTA
version 2.7.3. All samples undergoing whole genome sequencing
were also run on a sample ID validation genotyping panel. An
aliquot of each sample is taken before the library preparation
(above), and sample ID validation genotype data are deposited
into a database. Once sequencing data are available, the genotype
data are compared with the sequencing data to confirm identity.
Once confirmed, data are released to the investigator.

Genome_GPS v5 (formerly named as TREAT (5)) was used as
a comprehensive secondary analysis pipeline for DNA sequenc-
ing data at Mayo Clinic. FASTQ files were aligned to the hg38
reference genome using bwa-mem (VN:V0.7.10) using default
options. Realignment was performed using GATK (VN:3.4–46)
(6). Multisample variant calling was performed using the GATK
(VN: 3.4–46) Haplotype Caller, and variants were filtered using
variant recalibration Variant Quality Score Recalibrator for both
single nucleotide variants and insertions and deletions. Identified
variants were annotated using BioR (7) framework with func-
tional features, impact prediction, and clinical significance using
Clinical Annotation of Variants, ClinVar, Human Gene Muta-
tion Database, Mayo Biobank, and Exome Aggregation Consor-
tium population frequencies. Copy number variations were
detected using Pattern Copy number variation (8) (Figure 1).

This project was approved by the Mayo Clinic Institutional
Review Committee.

RESULTS
The26patientswereenrolled in theALFSGstudybetween1998 and
2013. Of these 26 patients, 22 presented as ALF, 3 presented as ALI
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and converted to ALF, and 1 presented as ALI. There were 13
women and 13 men; median age was 37.5 years (range, 22–87
years). Their self-declared ethnicity distribution was 5 African
Americans, 1 Hispanic, 1 Asian, and 19whites. Of the 26 patients, 8
survived spontaneously, 6 died, and 12 underwent a liver trans-
plantation; all those transplanted were alive at 21 days after en-
rollment in the study. Twenty patients were alive at 21 days from
study enrollment; of these 20patients, 8were spontaneous survivors
and12underwent deceaseddonor liver transplantation. Six patients
were dead at 21 days from enrollment. Median age among the 20
patients who survived was 35 years (range, 22–87 years), and me-
dian age among those who died was 43 years (range, 23–47 years).
The median age of patients who underwent liver transplantation
andwere alive was 31.5 years (range, 18–52 years). All patients who
were transplanted were alive at 21 days from enrollment.

The 26 patients presented with a classic pattern of serum liver
biochemistries (aspartate aminotransferase, alanine aminotrans-
ferase, and alkaline phosphatase) to that of hepatocellular injury,
with elevation of aspartate aminotransferase/alanine aminotrans-
ferase and normal or minimal elevation of serum alkaline phos-
phatase. Liver biopsies or explants examination showedmassive or
sub-massive hepatic necrosis with necroinflammatory changes.
None of our patients showed evidence of fatty deposits in hep-
atocytes suggestive of underlying fatty liver disorders.

There were 12 variants of 11 genes significantly associated
with ALF in the 26 patients (Table 1). The variant rs4940595 in
the SERPINB11 gene was found in 23 of the 26 patients with ALF;
this variant has a stop_gained codon (c.268 G . Tp.Glu90X).
There have not been any publications associating this variantwith
any specific disorder.

The next commonly found variant was rs1135840 in the
CYP2D6 gene; the mutation is a missense_variant ((c.1457 G .
C_p.Ser488Thr). This variant has been reported in association
with hepatotoxicity of antituberculous drug (9); however, none of
our patients gave a history of antituberculous therapy before their
clinical presentation.

The analysis of the distribution of these 12 variants among the
8 patients who survived spontaneously vs those who died or
underwent liver transplantation showed that moderate impact
variants in drugmetabolism associated geneCYP2D7, rs1800754,
and its paralog CYP2D6, rs1135840, were found in 75% of the
patients who survived spontaneously and in 30.5%–25%, re-
spectively, of the patients who died or were transplanted. This
asymmetric variant distribution was significant, P , 0.05, by
exact test module in Rvtests genetic association package.

All variants listed in Table 1 have had no disorders associated
with them in the National Center for Biotechnology Information
databases, with the exception of rs1135840, a variant of CYP2D6
which has been associated with hepatotoxicity of antituberculous
drugs (9).

DISCUSSION
We have postulated in the past that the etiology is an important
prognostic factor of ALF (4). Patients with ALF indeterminate
etiology pose a challenge in determining the underlying patho-
physiology that lead to this serious clinical presentation. Our
WES data show that 12 unique variants of 11 genes are signifi-
cantly associated with ALF indeterminate etiology in the 26
patients studied. These variants have not been reported to be
associated with any disorder so far and have not been described
before in any of the databases of the National Center for Bio-
technology Information, with the exception of rs1135840 of the
CYP2D6 gene which has been reported to be associated with
hepatotoxicity of antituberculous drugs (9). Our observation of
an asymmetric distribution of 2 variants, rs1135840 and
rs1800754, of the CYP2D6 and CYP2D7 genes, respectively, is
noteworthy because they seem to have a survival protective effect;

Figure 1. Functional filters applied in 26 DNA samples from 26 patients
with indeterminate ALF. AF, allele frequency; ALF, acute liver failure; CAVA,
clinical annotation of variants; DP, filtered depth of coverage for each
sample; GQ, quality of the assigned genotype; LT, liver transplantation;
WES, whole exome sequencing.

Table 1. Twelve variants from 11 genes significantly associated

with indeterminate ALF among 26 patients with ALF

Gene No. of chromosomes Variants in dsSNP No. of patients

ANTXRL 10 rs7091749 8

MUC6 11 rs776572312 9

OR6J1 14 rs1753430 14

GNAL 18 rs201898548 3

SERPINB11 18 rs4940595 23

AADACL3 1 rs3010877 7

MCL1 1 rs11580946 3

CYP2D6 22 rs1135840 16

CYP2D7 22 rs56404506 11

CYP2D7 22 rs1800754 15

RRP36 6 rs200886831 9

KIAA1161 9 rs4879782 6

ALF, acute liver failure.
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however, drawing conclusions on the significance of the group-
specific variant distribution is limited by the cohort size. It would
be statistically sound to determine whether the above-mentioned
variant distributions hold true on a larger cohort.

The most commonly found variant, rs4940595, of the SER-
PINB11 gene has not been reported to be associated with any
specific disorder. This gene has been described as having a po-
tentially important role in the adaptive immune response com-
bating the emergence of infectious diseases in recent human
evolution (10).However, this variant has been found in 73%of the
participants of the Mayo Biobank, who had no specific disorder,
as a requisite to be part of this biobank.

Although our findings are the first reported in adult patients
with indeterminate ALF, our conclusions are limited by the small
size of our sample. We intend to expand our analysis with the
enrollment of more patients with this condition in the future; we
will also need to performWES analysis of adult patients with ALF
associated with viral, drug-induced, toxins, and autoimmune
etiologies, and confirm our findings and determine whether these
variants are associated with a specific etiology, indeterminate, or
with the ALF syndrome itself.
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Study Highlights

WHAT IS KNOWN

3 Acute liver failure is a syndrome accompanied by a high
fatality rate depending on its etiology; this can range from
40% to 80%. The most common etiologies are hepatitis
viruses, autoimmune hepatitis, metabolic liver disorders such
as Wilson disease, and drug-induced liver injury, among
which acetaminophen toxicity is themost common. There are
5.5% of patients who have indeterminate ALF. The Acute
Liver Failure Study Group, consortium funded by the NIH
since 1998, has collected DNA samples of patients enrolled
in the study. We were able to access 26 DNA samples from
patients with indeterminate ALF and performWES to evaluate
gene variants that were significantly associated with
indeterminate ALF and provide an insight into the diagnosis
and possible pathogenic mechanisms.

WHAT IS NEW HERE

3 We found 12 variants from 11 genes that were significantly
associated with indeterminate ALF. In particular, rs4940595,
a variant fromSERPINB11gene, was present in 23 of the 26
patients studied. We also found an asymmetric distribution of
2 variants belonging to theCYP2D7 andCYP2D6 genes which
were more commonly present among patients who survived
spontaneously.

TRANSLATIONAL IMPACT

3 This is the first communication describing WES findings
among26 adult patients with indeterminate ALF.We found12
variants of 11 genes significantly associated with
indeterminate ALF.
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