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BACKGROUND & AIMS: Hepatocellular adenomas (HCAs) are
benign liver tumors that can be assigned to molecular subtypes
based on inactivating mutations in hepatocyte nuclear factor
1A, activating mutations in b-catenin, or activation of inflam-
matory signaling pathways. We aimed to update the classifi-
cation system for HCA and associate the subtypes with disease
risk factors and complications. METHODS: We analyzed
expression levels of 20 genes and sequenced exon regions of 8
genes (HNF1A, IL6ST, CTNNB1, FRK, STAT3, GNAS, JAK1, and
TERT) in 607 samples of 533 HCAs from 411 patients, collected
from 28 centers mainly in France from 2000 and 2014. We
performed gene expression profile, RNA sequence, whole-
exome and genome sequence, and immunohistochemical
analyses of select samples. Molecular data were associated with
risk factors, histopathology, bleeding, and malignant trans-
formation. RESULTS: Symptomatic bleeding occurred in 14%
Downloaded for Anonymous User (n/a) at Hartford HealthCare Corp
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of the patients (85% of cases were female, median age, 38
years); 7% of the nodules were borderline between HCA and
hepatocellular carcinoma, and 3% of patients developed
hepatocellular carcinoma from HCA. Based on molecular fea-
tures, we classified HCA into 8 subgroups. One new subgroup,
composed of previously unclassified HCA, represented 4% of
HCAs overall and was associated with obesity and bleeding.
These tumors were characterized by activation of sonic
hedgehog signaling, due to focal deletions that fuse the pro-
moter of INHBE with GLI1. Analysis of genetic heterogeneity
among multiple HCAs, from different patients, revealed a
molecular subtype field effect; multiple tumors had different
mutations that deregulated similar pathways. Specific molecu-
lar subtypes of HCA associated with various HCA risk factors,
including imbalances in estrogen or androgen hormones.
Specific molecular subgroup of HCA with b-catenin and sonic
hedgehog activation associated with malignant transformation
and bleeding, respectively. CONCLUSIONS: Using sequencing
and gene expression analyses, we identified a subgroup of HCA
oration from ClinicalKey.com by Elsevier on November 29, 2017.
. Copyright ©2017. Elsevier Inc. All rights reserved.
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characterized by fusion of the INHBE and GLI1 genes and
activation of sonic hedgehog pathway. Molecular subtypes of
HCAs associated with different patients’ risk factors for
HCA, disease progression, and pathology features of tumors.
This classification system might be used to select treatment
strategies for patients with HCA.
Keywords: HCC; Tumor Progression; Benign; SHH.

epatocellular adenomas (HCA) are hormone-driven
Abbreviations used in this paper: bex7,8HCA, b-catenin mutated hepato-
cellular adenoma in exon 7 or 8; bex7,8IHCA, b-catenin mutated inflam-
matory hepatocellular adenoma in exon 7 or 8; bex3IHCA, b-catenin
mutated inflammatory hepatocellular adenoma in exon 3; bex3HCA,
b-catenin mutated hepatocellular adenoma in exon 3; BMI, body mass
index; CTNNB1, cadherin-associated protein b1; FRK, fyn-related kinase;
GLI1, glioma-associated oncogene 1; GNAS, guanine nucleotide binding
protein a stimulating; HCC, hepatocellular carcinoma; HHCA, HNF1A
mutated hepatocellular adenoma; HNF1A, hepatocyte nuclear factor 1A;
IL, interleukin; IHCA, inflammatory hepatocellular adenoma; INHBE,
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Hbenign liver tumors developed mainly in young
women, with an incidence around 3/100,000.1,2 Exposure to
estrogens and androgens has been associated with HCA
occurrence.3,4 Complications such as hemorrhage (15%�
20%) or malignant transformation (5%)5–7 increase with
tumor size, leading to the recommendation to resect all
HCAs >5 cm.6,8

We previously described a molecular classification of
HCA dissecting the disease in 4 major subgroups strongly
associated with risk factors, clinical features, and risk of
complications, as well as histologic, immunohistochemical,
and radiologic features.2,9–11 Hepatocyte nuclear factor 1A
(HNF1A) mutated hepatocellular adenomas (HHCAs) are
defined by inactivating mutations of HNF1A12 with rare
HNF1A germline mutations that predispose to liver adeno-
matosis with >10 adenomas in the liver.12–15 Inflammatory
HCAs (IHCA) are defined by Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) pathway
activation driven by somatic mutations activating different
actors of this signaling pathway,16 such as gp130 (encoded
by IL6ST, 60% of mutations), STAT3 (5%), fyn-related
kinase (FRK) (10%), JAK1 (3%), and guanine nucleotide
binding protein a�timulating (GNAS) (5%).16–20 Mutations
of cadherin-associated protein b1 (CTNNB1) exon 3, acti-
vating b-catenin define the third group of tumors
(bex3HCA).21 These tumors have an increased risk of
malignant transformation in hepatocellular carcinoma
(HCC) linked to telomerase reverse transcriptase (TERT)
promoter mutations.2,20,22,23 Interestingly, a subgroup of
HCAs shared both inflammatory phenotype and activating
mutations of the exon 3 of CTNNB1 (bex3IHCA). In contrast,
mutations in CTNNB1 exon 7 or 8 are associated with a mild
activation of the Wnt/b-catenin pathway in b-catenin�
mutated hepatocellular adenoma in exon 7 or 8 (bex7,8HCA)
without an increased risk of malignant transformation.20,24

Finally, around 10% of HCAs are currently unclassified
(UHCA) according to the molecular analysis. Our study
was constructed on a large series of 533 HCAs collected to
refine the HCA molecular classification and to determine its
potential uses in clinical practice.
inhibin b E; JAK, Janus kinase; OC, oral contraception; OR, odds ratio;
RT-PCR, reverse transcription polymerase chain reaction; SAA, serum
amyloid A; shHCA, sonic hedgehog hepatocellular adenoma; STAT, signal
transducer and activator of transcription; TERT, telomerase reverse
transcriptase; UHCA, unclassified hepatocellular adenoma.

Most current article

© 2017 by the AGA Institute
0016-5085/$36.00

http://dx.doi.org/10.1053/j.gastro.2016.11.042
Material and Methods
Patients

Between 2000 and 2014, frozen tumor samples (n ¼ 777)
of benign liver tumors were collected in 28 centers mainly in
France and analyzed in the laboratory (Table 1 and
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Supplementary Tables 1 and 2, Supplementary Figure 1). All
patients gave informed consent according to French law and
Paris Saint-Louis Institutional Review Board committee
approved this study (Paris Saint-Louis, 2004; INSERM IRB
2010; the French Liver Biobanks Network, AFAQ NF S96-900;
and Hepatobio Bank). All samples were frozen in nitrogen
immediately after resection or biopsy and conserved at �80�C.
After exclusion of focal nodular hyperplasia (n ¼ 71), tumors
without diagnosis (n ¼ 19), or with poor RNA and DNA
quality (n ¼ 80), 607 samples of HCA were included in the
study. Among them, 6 malignant transformations (13 samples)
and 46 HCAs with multiple sampling (113 samples) were
analyzed to assess intra-tumor heterogeneity. Finally, 533
different HCAs that had developed in 411 patients were
analyzed in this study. Patients were treated by liver resection
in 375 (92%) cases, by liver transplantations in 10 (2%) cases,
or were only biopsied in 26 (6%) cases. Multiple HCAs analyzed
in 73 patients (195 tumors) were used to study inter-tumor
heterogeneity.
Gene Sequencing and Expression Analysis
HNF1A (exon 1 to 10), IL6ST (exon 6 and 10), CTNNB1

(exon 2, 3, 4, 7, and 8), FRK (exon 6), STAT3 (exon 2, 5, 16, and
20), GNAS (exon 7, 8, and 9), JAK1 (exon 15 and 16), and TERT
(promoter) were sequenced using Sanger sequencing (for
detailed protocol see Pilati et al,20 Rebouissou et al,24 and Nault
et al25). Somatic mutations were confirmed by sequencing a
second amplification product of tumor and non-tumor samples.
Microarray analysis was performed using Affymetrix U133.2
(accession number GSE88839). An robust multiarray averaging
normalization was done and differential expression was
investigated using a linear model, followed by moderated t test
for the comparisons of interest, carried out with Limma pack-
age.26 Correction for multiple testing used the Benjamini and
Hochberg method.27 Unsupervised cluster analysis was done
over the top 1000 most variable genes and Spearman correla-
tion with average linkage was measured using Gene Cluster 3.0
and Java TreeView.28

Gene set enrichment analysis was applied as described by
Subramanian et al.29 First, the genes were ranked according to
their differential expression between the sonic hedgehog he-
patocellular adenoma (shHCA) and normal liver classes. Then,
hallmark gene sets were downloaded from the Molecular
Signature Database and were screened against the gene set
oration from ClinicalKey.com by Elsevier on November 29, 2017.
. Copyright ©2017. Elsevier Inc. All rights reserved.
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Table 1.Genotype Phenotype Correlation According to Molecular Subgroups

Variable
Available data,a

n (n ¼ 389)
HHCAb

(n ¼ 133 [34%])
bex7,8HCAb

(n ¼ 15 [4%])
bex7,8IHCAb

(n ¼ 21 [5%])
IHCAb

(n ¼ 116 [30%])
bex3IHCAb

(n ¼ 30 [8%])
bex3HCAb

(n ¼ 30 [8%])
shHCAb

(n ¼ 16 [4%])
UHCAb

(n ¼ 28 [7%])

Sex, female 381 118 (90) 14 (100) 16 (76) 98 (85) 19 (70)c 18 (60)d 16 (100) 22 (81)
Age, y 381 37 (7�76) 27.5d (21�53) 41.0 (17�63) 40.0 (14�54) 39.0 (12�59) 28.5d (11�83) 43.0 (29�48) 38.0 (22�78)
Transformed or borderline tumors 389 7 (5)c 0 (0) 1 (5) 7 (6) 8 (27)d 14 (47)e 1 (6) 4 (14)
HCC on HCA 389 5 (4) 0 (0) 0 (0) 1 (1) 5 (17) 4 (13) 1 (6) 3 (11)c

Borderline HCC/HCA 389 2 (1) 0 (0) 1 (5) 6 (5) 3 (10) 10 (33)e 0 (0) 1 (3)
Children, yes (women only) 204 54 (74) 4 (40) 7 (77) 52 (79) 6 (50) 5 (38)d 7 (88) 10 (77)
No. of children (women only) 204 2 (0�4) 0d (0�2) 1 (0�3) 2 (0�5) 0 (0�3) 0d (0�9) 2 (0�3) 2 (0�2)
OC (women only) 254 75 (85) 11 (92) 15 (100) 65 (85) 15 (100) 13 (81) 10 (77) 17 (94)
No. of years of OC (women only) 170 12.0 (1�34) 9.5d (1�12) 22.0 (10�31) 20.0e (3�35) 12.5 (4�28) 8.0d (1�13) 22.5 (10�30) 10.5 (5�23)
BMI, kg/m2 290 21.0d (16�43) 20.0 (19�31) 27.0d (22�40) 25.0d (16�47) 22.0 (19�30) 22.5 (17�33) 32.0d (20�42) 25.0 (19�45)
Diabetes 278 5 (5) 1 (9) 2 (13) 13 (14) 1 (7) 4 (18) 1 (10) 2 (10)
Glycogenesis 263 0 (0)d 2 (22) 1 (7) 10 (12)d 1 (5) 1 (5) 0 (0) 0 (0)
Hepatic vascular disease 262 4 (4) 0 (0) 0 (0) 1 (1) 1 (5) 3 (14)c 0 (0) 0 (0)
High alcohol intake, yes 250 3 (4)d 1 (9) 4 (31)c 15 (19) 4 (21) 4 (17) 0 (0) 2 (12)
Symptomatic bleeding 332 20 (18) 4 (33) 1 (5) 13 (13) 1 (4) 2 (7) 10 (71)e 3 (14)
Pain 332 47 (42) 4 (33) 10 (50) 23 (23)e 10 (44) 11 (38) 9 (64)c 10 (45)
Discovery by chance 332 36 (32) 3 (25) 6 (30) 42 (42) 7 (30) 13 (45) 1 (7)c 7 (32)
Abnormal liver function test 249 10 (12)c 2 (22) 3 (25) 24 (31)d 4 (24) 3 (12) 0 (0) 2 (12)
Follow-up of angioma/FNH 332 7 (8) 1 (12) 0 (0) 1 (1) 0 (0) 1 (4) 1 (14) 2 (12)
Inflammatory syndrome 259 2 (2) 1 (11) 0 (0) 11 (13)d 2 (11) 1 (4) 0 (0) 0 (0)
Symptomatic disease 332 51 (55) 8 (67) 12 (60) 30 (30)e 11 (48) 13 (45) 12 (86)d 12 (55)
Raised GGT 273 21 (23)e 7 (70) 15 (88)c 67 (79)e 12 (71) 10 (45) 6 (50) 9 (47)
Raised AP 181 13 (22)c 1 (14) 5 (50) 31 (56)e 5 (45) 4 (27) 1 (11) 1 (7)c

Raised CRP 151 11 (25)e 4 (67) 9 (90)c 45 (76)e 5 (56) 3 (27) 5 (62) 2 (40)
Germline HNF1A mutation 389 11 (8)d 0 (0) 0 (0) 3 (3) 1 (3) 1 (3) 0 (0) 0 (0)
No. of adenomas at histology

1 369 12 (92)c 14 (67) 57 (51) 20 (77) 65 (51) 22 (76)d 7 (44) 17 (65)
2�5 369 1 (8)c 4 (19) 27 (24) 5 (19) 26 (20) 2 (7)d 5 (32) 5 (19)
5�10 369 0 (0)c 2 (9) 14 (13) 1 (4) 15 (12) 3 (10) 2 (13) 1 (4)
�10 369 0 (0)c 1 (5) 13 (12) 0 (0) 21 (17) 2 (7) 2 (13) 3 (10)

Size of the largest nodule, mm 358 60c (6�270) 93 (45�140) 70 (20�140) 68 (15�190) 70 (25�200) 80 (20�290) 70 (15�230) 47.5c (20�200)
Steatosis on non-tumor liver 356 13 (11)e 4 (33) 11 (52)c 44 (40)d 10 (38) 9 (35)c 10 (67)d 10 (40)
Fibrosis non-tumor liver (F2�F4) 353 5 (4) 1 (8) 1 (5) 5 (7) 2 (8) 4 (16)c 1 (7) 0 (0)
Microadenoma at histology 345 43 (36)e 1 (8) 0 (0)c 14 (13) 1 (4) 0 (0)d 0 (0) 2 (8)
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enrichment analysis�ranked microarray data sets to determine
concordant up- or down-regulation of all genes in the signa-
tures compared with the overall mean expression of genes.
Statistical significances were set at a nominal P < .001. Gene
expression was assessed by quantitative reverse transcription
polymerase chain reaction (RT-PCR) using Fluidigm technology
and Taqman probes (Supplementary Table 3).24,30 Data were
normalized with the RNA ribosomal 18S as the calibrator and
using the 2-DDCT method, with the mean level of the corre-
sponding gene expression in normal liver tissues, expressed as
an n-fold ratio.

HHCA were defined by HNF1A bi-allelic mutations and/or
silencing of liver fatty acid binding protein and UGT2B7
(T/N < 0.2), inflammatory HCA were defined by interleukin
(IL) 6/JAK/STAT3 activation (serum amyloid A [SAA] and
C-reactive protein overexpression T/N > 5) and/or activating
mutations in IL6ST, FRK, JAK1, STAT3, and GNAS. bex3HCA were
defined by somatic mutations of CTNNB1 exon 3 and/or strong
over-expression of GLUL and LGR5 (T/N > 5), 2 targets of the
Wnt/catenin pathway. bex7,8HCA were defined by mutations of
CTNNB1 in exon 7 or 8. bex3IHCA were identified by the
combination of bex3HCA and IHCA criteria, b-catenin mutated
inflammatory hepatocellular adenoma in exon 3 (bex7,8IHCA) by
the combination of bex7,8HCA and IHCA criteria.
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Immunohistochemistry
All stainings were performed on whole-tumor sections. After

dewaxing and rehydration, sections were placed into a boiling
target retrieval solution (citrate buffer [pH 6]; DiaPath, Marti-
nengo, Italy) for 40minutes and left to cool down for 20minutes.
Slides were further processed on an automated immunostainer
(Dako Autostainer; DAKO, Carpinteria, CA). Endogenous perox-
idase was blockedwith H2O2 (Dako, 10minutes) and nonspecific
background staining with goat serum (20 minutes) and Avidin/
Biotin blocking reagent (Vector Labs, Burlingame, CA). Next,
sections were incubated with a primary anti-PTGDS
(HPA004938, dilution 1/300; Sigma-Aldrich, St. Louis, MO)
antibody for 1 hour at room temperature and washed with
phosphate-buffered saline solution. After signal amplification
with ABC Elite and staining with 3-diaminobenzidine (Dako) as
chromogen, the slides were counterstained with Mayer’s hema-
toxylin, dehydrated, and mounting.

In each center, immunohistochemical analysis using gluta-
mine synthase, b-catenin, liver fatty acid binding protein, and SAA
was performed according to the method described previously.10
Whole-Exome Sequencing
Whole-exome sequencing was generated as described in

Pilati et al.20 Briefly, sequence capture, enrichment, and elution
from 11 tumor genomic DNA and 11 corresponding non-tumor
genomic DNA were performed by IntegraGen (Evry, France)
using Agilent in-solution enrichment with their biotinylated
oligonucleotides probes library (SureSelect Human All-Exon kit
v4-70Mb [n ¼ 3 pairs] and v5þUTRs-75Mb [n ¼ 8 pairs];
Agilent Technologies, Santa Clara, CA) according to manufac-
turer’s instruction. Eluted-enriched DNA sample was
sequenced on an Illumina HiSeq 2000 sequencer as paired-end
75-bp reads, as described previously.

Image analysis and base calling was performed using
Illumina Real Time Analysis Pipeline, version 1.14, with default
oration from ClinicalKey.com by Elsevier on November 29, 2017.
. Copyright ©2017. Elsevier Inc. All rights reserved.
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parameters. Whole-exome sequencing pre-analysis was based
on the Illumina pipeline (CASAVA 1.8.2) with the reference
genome (hg19). The alignment algorithm used is ELANDv2.
Only the positions included in the bait coordinates were
conserved. The targeted regions in each sample were
sequenced to a mean depth of 76�, with approximately 98.3%
of the targeted regions covered �1�, approximately 93.6%
�10�, and approximately 84.9% �25�. Mapped reads were
extracted from the original bam file and read counts for these
were calculated using Bedtools Coverage (version 2.25) to find
per-base fragment coverage across the targeted baits. Mean
coverage was calculated relative to non-tumor tissues. The list
of somatic variants in coding regions plus consensus splicing
sites (±2 bases) was generated according to Schulze et al.31

To detect focal deletions affecting inhibin b E (INHBE) gene
in shHCA, we calculated the mean coverage log-ratio between
tumor and normal samples across INHBE and glioma-
associated oncogene 1 (GLI1). Ten samples with a log-ratio
<�0.3 for INHBE and a log-ratio difference between INHBE
and GLI1 >0.2 were considered to have a focal deletion within
INHBE. In 6 of 10 samples, we identified chimeric reads that
allowed us to map the deletions at single-base resolution using
BLAST. Focal deletions were described in Supplementary
Table 4.

All sequences have been deposited in the European
genome-phenome archive - http://www.ebi.ac.uk/ega/) data-
base (accessions EGAS00001000679 and EGAS00001002091).
RNA Sequencing
Eight shHCA samples and 3 matched normal liver samples

were analyzed by RNA-sequencing. Libraries were prepared by
Integragen using Illumina TruSeq Stranded mRNA kit according
to the manufacturer’s instructions, and sequenced as paired-
end 100-bp reads on an Illumina HiSEQ 2000. Fastq files
were aligned to the reference human genome hg19 with
tophat2 (-p 10 -r 150 -g 2—library-type fr-firststrand).32 After
removing reads mapping to multiple locations, we used
HTSeq33 to obtain the number of reads associated to each gene
in the Ensembl 65 database. To visualize fusion transcripts
between INHBE and GLI1 genes in shHCA, we loaded the bam
files in Integrative Genomics Viewer34 and we used the Sashimi
plot function of Integrative Genomics Viewer to identify and
quantify fusion reads.

All sequences has been deposited in the European
genome-phenome archive (http://www.ebi.ac.uk/ega/) data-
base (accessions EGAS00001002091).
Whole-Genome Sequencing
Three shHCA samples and matched normal liver samples

were analyzed by whole-genome sequencing. Genomic DNA li-
braries were prepared by Integragen using the Illumina Truseq
DNA PCR-Free Library prep kit or the TruSeq DNA sample prep
kit and sequenced on an Illumina HiSeq2500 as paired-end
125-bp reads. The mean depth was 77� for tumor samples
(range, 54�93) and 55� for normal samples (range, 50�60).
Read alignment and variant calling were performed following
GATK best practices. In short, we used BWA (version 0.7.15)35

to align sequences to the reference human genome hg19, Picard
tools to remove PCR duplicates and GATK36 for local indel
realignment and base quality recalibration. We used MuTect237
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to identify somatic single nucleotide variants and indels, and
Manta to detect somatic structural rearrangements.38

All sequences have been deposited in the European genome-
phenome archive database (accessions EGAS00001002091).
Statistical Analysis
Statistical analysis was performed using the R software and

the GraphPad Prism Software (GraphPad, La Jolla, CA). Com-
parison between qualitative data was performed using c2 test
and Fisher’s exact test. Monte-Carlo method was used to adjust
the P value for multiple tests. Quantitative data were compared
using Mann�Whitney U test and Kruskal�Wallis test. All tests
were 2-tailed and a P value < .05 was considered as significant.
We scored estrogen exposure in women from 0 to 5: no oral
contraception (OC, 0 point), number of years of OC less than
median (1 point), number of years of OC greater than median
(2 points), body mass index (BMI) < 25 kg/m2 (0 point), BMI
between 25 and 30 kg/m2 (1 point), BMI >30 kg/m2 (2 points),
alcohol intake <30 g/d (0 point), alcohol intake �30 g/d
(1 point). We scored androgen exposure from 0 to 2 points:
female (0 point), male (1 points), no androgen intake (0 points),
androgen intake (1 points).

For statistical patient analysis, we assigned a molecular
subgroup to each patient corresponding to that observed in the
tumor. Only 21 patients harbored multiple HCA belonging to
different molecular subgroups and 1 HCA harbored both
HNF1A and CTNNB1 mutations, consequently, a molecular
subgroup could not be assigned for these 22 patients and they
were excluded from the correlation analysis performed with
the clinical features.
Results
Patients and Tumor Features

A total of 533 HCA from 411 patients were analyzed (see
flow chart, Supplementary Figure 1). Among the 533 HCA, 36
were borderline tumors between HCA and HCC (HCA/HCC,
7%) and 15 demonstrated malignant transformation of HCA
into HCC (HCC onHCA, 3%) (Supplementary Table 1). Clinical
features were typical of a series of resected HCAs
(Supplementary Table 2). Briefly, median HCA size was 55
mm (minimum�maximum, 5�290), median age was 38
years (range, 7�82 years), with a large predominance of
females (85%), with OC identified in 87% (median use 13
years [range, 1�35 years]); 16% of the patients were obese,
6% had glycogen storage disease, and 4% had liver vascular
diseases (other syndromic diseases were detailed in
Supplementary Table 5). HCA were discovered by chance
(35%), pain (37%), symptomatic bleeding (14%), abnormal
liver tests (14%), or inflammatory syndrome (5%)
(Supplementary Table 2). g-Glutamyl transferase and alka-
line phosphatase were increased in 55% and 35% of the
patients, respectively. At histology, HCAs were multiple in
45% of the cases and 47 patients (12%) had liver adenoma-
tosis defined by >10 HCAs at histology. The non-tumor liver
parenchyma was steatotic in 42 patients (12%) and fibrotic
(F2�F4) in 24 patients (7%) (Supplementary Table 2).39 Six
patients died, 3 due to a malignant transformation, 1 from
HCA bleeding, 1 after liver resection for multiple HCA
oration from ClinicalKey.com by Elsevier on November 29, 2017.
. Copyright ©2017. Elsevier Inc. All rights reserved.
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developed on cirrhosis, and 1 after liver transplantation for
HCA developed on glycogenosis.
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Identification of a New Subtype of Hepatocellular
Adenoma Characterized by Sonic Hedgehog
Activation Due to Inhibin b E�Glioma-Associated
Oncogene 1 Fusion

To search for new molecular subtype of tumors, we
performed an unsupervised hierarchical clustering of tran-
scriptomic microarray in 36 HCA and 4 normal liver tissues
that identified a homogeneous cluster of 4 previously UHCA
(Figure 1A). Analysis of the genes differentially expressed in
this subgroup of tumors revealed an activation of the sonic
hedgehog pathway (Figure 1B, Supplementary Table 6). We
selected 6 genes (PTGDS, HHIP, FRCLA, PTCH1, GPR97, and
TNNC1) specifically overexpressed in this subgroup of HCA
to analyze the whole series of 533 HCAs by quantitative
RT-PCR (Supplementary Figure 2). One-third of the UHCA
overexpressed these 6 genes and 22 tumors were reclassi-
fied as shHCA. Moreover, by immunohistochemistry, PTGDS
protein overexpression was restricted to tumor hepatocytes
(Figure 1C). To unravel the molecular mechanism driving
this tumor subgroup, we analyzed 11 cases by whole-exome
sequencing, 9 of which were also analyzed by RNA-
sequencing and 3 also by whole-genome sequencing.
shHCA displayed a median of 2,021 mutations (range,
1952�2259 mutations) in the genome and 27 mutations
(range, 9�54 mutations) in coding regions, corresponding
to a relatively low mutation rate of 0.7 mutations/Mb. We
found no recurrent coding mutation in the series
(Supplementary Tables 7 and 8).

In 9 cases, RNAseq analyses showed GLI1 over-
expression due its fusion with the 50 end of 2 different
INHBE transcripts, a highly expressed gene located 2.1 kb
upstream of GLI1 (Figure 1D and E). In all except 1 of the
shHCAs, the entire open reading frame of GLI1, the key
transcription factor of sonic hedgehog pathway was fused
and overexpressed; the remaining 1 includes exons 6 to 12
coding for the DNA binding and the transactivation domains
(Figure 1E and Supplementary Figure 3). All the 9
INHBE�GLI1 fusions were validated as somatic by Sanger
sequencing of the complementary DNA and specific GLI1
overexpression in shHCA was validated by quantitative
RT-PCR (Figure 1D and Supplementary Figure 4).

Whole-genome and whole-exome sequencing of the 9
shHCA harboring INHBE�GLI1 fusion revealed a recurrent
structural rearrangement within INHBE, including 5 focal
deletions and 1 inversion (Figure 1E and Supplementary
Table 9). We also observed another INHBE focal deletion
in 1 shHCA not analyzed by RNAseq. Overall, INHBE�GLI1
fusions were identified in 15 of 20 shHCA with a typical
pattern of gene expression and investigated by sequencing.
Thus, shHCA is a new molecular subgroup of HCA driven by
structural rearrangements of INHBE producing a highly
expressed INHBE�GLI1 fusion leading to the constitutive
activation of the sonic hedgehog pathway.

Mutations in 8 driver genes and expression analyses of
13 genes specifically over-/underexpressed in each group
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allowed us to classify the 533 HCA into 8 different molec-
ular subgroups (see Materials and Methods section,
Supplementary Table 10): HHCA (n ¼ 179 [33.5%]), IHCA
(n ¼ 183 [34%]), bex3HCA (n ¼ 37 [7%]), bex3IHCA (n ¼ 34
[6%]), bex7,8HCA (n ¼ 21 [4%]), bex7,8IHCA (n ¼ 21 [4%]),
shHCA (n ¼ 22 [4%]), and UHCA (n ¼ 40 [7.5%]) (Table 1).
In IHCA (n ¼ 183), we detected mutations of IL6ST (77%),
STAT3 (4%), GNAS (3%), FRK (9%), and JAK1 (1%), whereas
(6%) of the IHCAs remained non-mutated (Supplementary
Tables 1 and 2). Interestingly, HNF1A mutations and
shHCAs were exclusive from all other subtypes. In contrast,
whereas CTNNB1 mutations in exon 3 were exclusive from
the mutation in exons 7 or 8, half of the overall b-catenin
HCA were associated with an IL6/JAK/STAT activation and
inflammation.

Intra-Tumor and Inter-Tumor Molecular
Subgroup Homogeneity

To study intra-tumor heterogeneity in term of molecular
subgroup, we analyzed multiple samples (2 to 4) in 52
tumors for mutations of 8 driver genes by Sanger sequencing
and expression of 13 genes by quantitative RT-PCR, including
46 HCAs and 6 transformations in HCC. We identified mo-
lecular homogeneity, in 42 of 46 HCAs (91%) with identical
mutations and expression in the different parts of the
tumors. A total of 4 HCAs showed molecular heterogeneity.
One multi-lobular HHCA (#462T/463T) harbored 3 different
somatic HNF1A mutations in 2 different areas (Figure 2A).
Three additional cases showed different transcriptional
(#2599T) or mutation (#1337 and #2768) profiles
(Supplementary Figure 5). Among the 6 HCAs transformed
in HCC, TERT promoter mutations were identified in the
malignant part in 2 cases and not in the benign part, whereas
TERT promoter mutations was observed in both the HCA and
HCC part in 1 case (Supplementary Table 11).

Next, we focused on inter-tumor molecular subgroup
heterogeneity and we analyzed 195 different tumors
developed in 73 patients (from 2 to 8 analyzed tumors per
patient) (Figure 2B and C). In 52 patients (71%), all the
analyzed tumors belonged to the same molecular sub-
groups (mainly HHCA and IHCA) (Figure 2C), but with
systematically private driver mutations, no common so-
matic mutations were identified, showing the independent
clonal origin of the multiple nodules (Figure 2B). In
contrast, in 21 patients (29%), the tumors from the same
patient belonged to different molecular subgroups with
CTNNB1 exon3 mutation (bex3HCA or bex3IHCA) identified
in the largest nodule in 8 of 9 cases (Figure 2C and
Supplementary Table 12).

Hormonal Balance and Other Risk Factors
Associated With Molecular Classes

A large predominance of female from 60% of bex3HCA to
100% of shHCA was observed in all subtypes (Figure 3A,
Table 1 and Supplementary Table 13). Several other fea-
tures contribute to estrogen exposure: the cumulative
intake of OC and also obesity and alcohol intake. Interest-
ingly, patients with IHCAs and shHCAs demonstrated higher
oration from ClinicalKey.com by Elsevier on November 29, 2017.
. Copyright ©2017. Elsevier Inc. All rights reserved.



Figure 1. A new subgroup of hepatocellular adenomas with sonic hedgehog pathway activation. (A) Unsupervised hierarchical
clustering of 38 samples (normal liver n ¼ 3, HHCA n ¼ 4, bex3HCA n ¼ 7, bex3IHCA n ¼ 3, IHCA n ¼ 7, bex7,8HCA n ¼ 3,
bex7,8IHCA n ¼ 3, shHCA n ¼ 4, UHCA n ¼ 4) analyzed in microarray. (B) Differential expression analysis between shHCA and
normal liver. The volcano plot (left) shows the expression fold-change (log2 scale) between shHCA and normal liver on the x-axis,
and the P value (-log10 scale) on the y-axis. Significantly down-regulated genes are indicated in green, and significantly up-
regulated genes are indicated in red. Gene set enrichment analysis identified hedgehog signaling as the most signficant gene
set associated with up-regulated genes (upper right). Gene expression of the 6 hedgehog signaling genes most significantly up-
regulated in shHCA is represented as a heatmap (bottom right). Red: high expression; blue: low expression. (C) Representative
staining of PTGDS using immunohistochemistry in an shHCA. (D) Expression of GLI1 in the different molecular subtypes of HCA
(HHCA n¼ 123, IHCA n¼ 151, bex3HCA n¼ 30, bex3IHCA n¼ 30, bex7,8HCA n¼ 13, bex7,8IHCA n¼ 19, shHCA n¼ 7 and UHCA
n¼ 32) using quantitative RT-PCR (Kruskal�Wallis Test). (E) Representation of the INHBE�GLI1 fusion in 8 HCA harboring sonic
hedgehog pathway activation. The 2 transcripts of INHBE were represented in blue and the transcripts of GLI1 in red. Deletion
and inversion of INHBE were represented in gray; in 3 cases deletions of INHBE were unmapped.
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BMI and/or cumulative consumption of OC in contrast to
patients with bex3HCA and bex7,8HCA showing lower OC
consumption (Figures 3B, C, and D, Table 1). Finally, a
scoring of estrogen exposure revealed that patients with
Downloaded for Anonymous User (n/a) at Hartford HealthCare Corp
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inflammatory HCAs (with or without CTNNB1 mutations)
had a higher level of estrogen exposure compared with
HHCAs (Figure 3E). In the same line, women with multiple
IHCA also have a higher level of estrogen exposure
oration from ClinicalKey.com by Elsevier on November 29, 2017.
. Copyright ©2017. Elsevier Inc. All rights reserved.



Figure 2. Inter-tumor and intra-tumor heterogeneity. (A) HNF1A mutations of 2 samples from 1 multilobular HCA. (B) Multiples
HCAs all belonging to the same molecular subtype (IHCA) in 1 patient. All of the tumors have somatic mutations in IL6ST, but
all of these mutations were different. (C) Representation of inter-tumor heterogeneity within each column 1 patient and in each
line 1 tumor, with the molecular subtype and borderline tumors between HCA/HCC or HCC on HCA represented using a panel
of colors.
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compared with women with multiple HHCAs (P ¼ .0045,
Supplementary Figure 6).

Androgen exposure also varied according to HCA molec-
ular subtypes: androgen exposure due to sex or androgen
intake was higher in bex3HCA with or without inflammation
compared to other molecular subtypes (P< .0001, Figure 3F).

Finally, other conditions modulate the occurrence of
specific molecular subtypes: patients with bex3HCA and
bex7,8HCA were 10 years younger compared to other
patients (P < .0001, Table 1, Figure 3C). HCAs arising on
glycogenosis were never HHCA, but enriched in inflamma-
tory HCA, as described previously.40 Interestingly, patients
with liver vascular disease developed bex3HCA (P ¼ .04)
more frequently41 (Table 1).
Clinical Presentation and Risk Factors of
Malignant Transformation and Hemorrhage

Clinical symptoms at presentation were less frequent in
patients with IHCA (30%; P < .0001), in contrast they were
more frequently diagnosed with abnormal biological tests
showing inflammatory syndromes, raised g-glutamyl
transferase, and alkaline phosphatase (P < .0001; Table 1).
Liver adenomatosis was identified in 47 patients enriched in
males (29.8% vs 13.2% without adenomatosis; P ¼ .008),
glycogenosis (16% vs 3%; P ¼ .005), and microadenomas
(41% vs 15%; P < .0001), HNF1A germline mutations (17%
Downloaded for Anonymous User (n/a) at Hartford HealthCare Corp
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vs 1%; P < .0001), and HHCA molecular subtype (50% vs
32.4%; P ¼ .038) (Supplementary Table 14). In 4 patients
(9%), liver adenomatosis was developed in a familial
context; they were all related to HNF1A germline mutations.
However, the rate of complications, such as hemorrhage or
malignant transformation, was the same whatever the
number of adenomas (Supplementary Table 14).

Histologic bleeding was observed in half of the tumors
(52%), but only 14% of the patients presented with symp-
tomatic HCA bleeding (Supplementary Tables 1, 2, and 15).
The classical cut-off at 50 mm was associated with more
frequent histologic hemorrhage (65%) in HCAs >50 mm vs
40% in HCAs <50 mm (P < .0001; Figure 4A,
Supplementary Figure 7), but not associated with symp-
tomatic bleeding (P ¼ .29, Figure 4B). Interestingly,
frequency of histologic hemorrhages was closely related to
the molecular subgroups; bex7,8HCA and shHCA showed the
highest rate of hemorrhages (92% and 81%) and HHCA the
lowest (39%; P < .0001, Figure 4A, Supplementary
Figure 7). In addition, shHCA was the unique subgroup
associated with symptomatic bleeding (71% of bleeding in
shHCA vs 14% in other subgroups, P < .0001, Figure 4B,
Supplementary Figure 7).

Patient features associated with malignant trans-
formation in HCC on HCA or borderline HCA/HCC lesions
were TERT promoter mutations (odds ratio [OR], 67.6; 95%
CI, 8.3�3072; P < .0001), male (OR, 18.9; 95% CI, 8.5�44.2;
oration from ClinicalKey.com by Elsevier on November 29, 2017.
. Copyright ©2017. Elsevier Inc. All rights reserved.



Figure 3. Correlation between molecular subgroups and clinical features. (A) Distribution of molecular subgroups according to
sex. (B) Mean value of years of use of OC in women, (C) age, and (D) BMI of all the patients according to the molecular
subgroups. (E) Distribution of the scoring of estrogen exposure according to the molecular subgroups. The scoring of
exposition to estrogens in women from 0 to 5 was defined as follows: no OC (0 point), number of years of OC less than median
(1 point), number of years of OC more than median (2 points), BMI <25 kg/m2 (0 point), BMI between 25 and 30 kg/m2 (1 point),
BMI >30 (2 points), alcohol intake <30 g/d (0 point), and alcohol intake �30 g/d (1 point). (F) Distribution of the scoring of
androgen exposure according to the molecular subgroups. The scoring of exposition to androgen from 0 to 2 points was
defined as follow: female (0 point), male (1 points), no androgen intake (0 points), and androgen intake (1 points). Continuous
data were represented using the mean with 95% CI (CI95) and compared using the Mann�Whitney test. Dichotomized
variables were compared using c2 test with Monte Carlo resampling. **P < .01; ***P < .001.
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Figure 4.Risk of hemor-
rhage and malignant trans-
formation. (A) Association
betweenmolecular, clinical,
and pathologic features
and the risk of hemor-
rhage and malignant trans-
formation per tumors and
(B) per patients. ORs with
the 95% CI using a c2 with
Monte Carlo resampling.

March 2017 Molecular Classification of Liver Adenomas 889

BA
SI
C
AN

D
TR

AN
SL
AT

IO
NA

L
LI
VE

R

Downloaded for Anonymous User (n/a) at Hartford HealthCare Corporation from ClinicalKey.com by Elsevier on November 29, 2017.
For personal use only. No other uses without permission. Copyright ©2017. Elsevier Inc. All rights reserved.



890 Nault et al Gastroenterology Vol. 152, No. 4

BASIC
AND

TRANSLATIONAL
LIVER
P < .0001), CTNNB1 exon 3 mutations bex3HCA or bex3IHCA
(OR, 9.3; 95% CI, 4.4�20.0) P < .0001), unique nodule at
imaging (OR, 4.1; 95% CI, 1.7�11.7; P < .0001), high alcohol
intake (OR, 4.85; 95% CI, 1.8�12.4; P ¼ .001), fibrosis in
non-tumor liver (OR, 3.8; 95% CI, 1.1�11.4; P ¼ .02), and
diabetes type 2 (OR, 3.7; 95% CI, 1.3�9.9; P ¼ .009)
(Figure 4A and B). Several additional tumor features related
to b-catenin activation (pseudoglandular formation, nuclear
b-catenin, glutamine synthase expression, and cholestasis)
were also associated with malignant transformation
(Figure 4A). Large tumor size at histology in the overall
series tended to be associated with malignant trans-
formation without reaching statistical significance (7.6% of
borderline lesions or HCC on HCA in HCAs <50 mm vs
Figure 5. A new nosology of
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13.1% of borderline lesions or HCC on HCA in tumors >50
mm; P ¼ .053).
Nosologic Definition of Hepatocellular Adenomas
Classes and Consequences for Clinical Care

Here we defined 8 different molecular subgroups that
create a new nosology of HCA linked with risk factors,
clinical presentation, and risk of complications (Figure 5).
HHCA, shHCA, bHCA, and IHCA showed specific associations,
whereas mixed bIHCA shared features common to inflam-
matory and b-catenin activated subtypes (Figure 5). Finally,
7% of HCAs remain unclassified and should be further
analyzed. This molecular classification is currently
hepatocellular adenomas.

oration from ClinicalKey.com by Elsevier on November 29, 2017.
. Copyright ©2017. Elsevier Inc. All rights reserved.
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translated in academic pathologic laboratories using
immunohistochemistry.10 In the present series, we obtained
the immunohistochemistry data for 236 tumors from 17
hospitals (Supplementary Table 15). Interestingly, correla-
tion of immunohistochemistry results using a panel of 4
antibodies (SAA, liver fatty acid binding protein, glutamine
synthase, and b-catenin) with major molecular subtypes
(IHCA, HHCA, bex3HCA, and bex3IHCA) were very good, with
sensitivity and specificity ranging from 0.85 to 0.93
(Supplementary Table 16).

Next, we assessed whether the molecular classification
could help to identify more precisely patients at risk for
major complications to refine therapeutic decision making.
Currently, in clinical practice, male gender and large tumor
size (with a cut-off of 5 cm) are used to identify patients that
could benefit from tumor resection to prevent bleeding and
malignant transformation.6,8 Here, we defined molecular
subtypes of “at-risk HCA,” including bex3HCA with or
without inflammation associated with malignant trans-
formation and shHCA with symptomatic bleeding. Overall,
this classification identifies patients at risk for both
complications in males and females (Table 2).

In males, the molecular classification is less useful due
the global high risk of malignant transformation at baseline
(41% vs 65%, see Table 2). Of note, molecular classification
is more contributive in small tumors developed in females
and would help to guide treatment in this population. In
women, whatever the size of the tumor, the presence of
at-risk HCA was significantly associated with a higher rate of
malignant transformation (17%) compared to other patients
(1.5%; P < .0001). Women with at-risk HCA still have a
higher rate of malignant transformation after stratification
by tumor size (14% in HCA <5 cm and 18% in HCA >5 cm)
compared to women without at-risk HCA (1% in HCA <5 cm
with P < 0.038 and 3% in HCA >5 cm with P ¼ .001)
(Table 2). Interestingly, no malignant transformation was
observed in HHCA of <5 cm developed in women.
Table 2.Risk of Symptomatic Bleeding and Malignant Transfor

Characteristic
Molecular

stratification, n (%)
Symptom
bleeding,

Male (n ¼ 60) Non�at-risk HCA, 40 (66) 2/33 (
At-risk HCA, 20 (34) 1/19 (

Female
All HCA (n ¼ 319) Non�at-risk HCA, 266 (83) 38/230 (

At-risk HCA, 53 (17) 12/47 (
All HCA <5 cm (n ¼ 115) Non�at-risk HCA, 101 (88) 13/90 (

At-risk HCA, 14 (12) 5/14 (
HCA <5 cm, excluding
HHCA (n ¼ 68)

Non�at-risk HCA, 54 (79) 7/49 (
At-risk HCA, 14 (21) 5/14 (

H-HCA <5 cm (n ¼ 47) Non�at-risk HCA, 47 (100) 6/41 (
All HCA >5 cm (n ¼ 188) Non�at-risk HCA, 150 (80) 26/136 (

At-risk HCA, 38 (20) 7/33 (

NOTE. At-risk HCA were bex3HCA, bex3IHCA, and shHCA due
Non�at-risk HCA were HHCA, bex7,8HCA, bex7,8IHCA, IHCA, a
exact test.

N
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Discussion
In this study, we identified the role of sonic hedgehog

activation in benign hepatocyte proliferation associated
with a novel mechanism due to small somatic deletions of
INHBE leading to INHBE�GLI1 fusions. In the liver, sonic
hedgehog pathway has been involved in regeneration and
lipid metabolism in both humans and mice but its role in
tumorigenesis is still unclear.42 Interestingly, in other or-
gans, sonic hedgehog pathway can be activated also mainly
in benign (pericytoma and plexiform fibromyxoma) or in
non-metastatic (basal cell carcinoma) tumors and various
genomic alterations were described including MALAT1�
GLI1 or ACTB�GLI1 fusions, PTCH1, SMO, and SUFU muta-
tions.43–45 Here, sonic hedgehog activation was identified in
4% of HCA previously unclassified and no similar alter-
ations were found in our series of 120 HCC previously
sequenced by whole-exome sequencing.31 Taken together,
these findings reinforce the role of sonic hedgehog
activation in benign tumorigenesis.

Overall, our novel HCA molecular classification
revealed an unexpected molecular diversity with alter-
ations in 4 different pathways driving human benign clonal
proliferation: activation of b-catenin, IL6/JAK/STAT, or
sonic hedgehog and HNF1A inactivation. Interestingly,
most of these alterations are exclusive to each other except
b-catenin and inflammatory pathways, which can coop-
erate in mixed tumors. However, intra-tumor and inter-
tumor genetic heterogeneity of the main driver genes
were limited in our series and 71% of the patients with
multiple HCAs developed tumors belonging to the same
molecular subtype. Moreover, in all the remaining hetero-
geneous cases, b-catenin exon 3 nodules associated with a
highest risk of malignant transformation were the largest
nodules. These results suggest that, in front of multiple
HCA, biopsy of the largest nodule could be a valuable
option in clinical practice to capture the prognostic
information.
mation According to the Molecular Classification

atic
n (%)

Malignant
transformation, n (%)

Both complications,
n (%) P value

6) 14/40 (41) 14/33 (42) .047
5) 13/20 (65) 14/19 (74)

16) 4/266 (1.5) 40/230 (17) .0004
26) 9/53 (17) 20/47 (42)
14) 1/101 (1) 14/90 (15) .007
36) 2/14 (14) 7/14 (50)
14) 1/54 (2) 8/49 (16) .015
36) 2/14 (14) 7/14 (50)
15) 0/47 (0) 6/41 (15) NA
19) 4/150 (3) 28/136 (21) .087
21) 7/38 (18) 13/38 (34)

to the high risk of malignant transformation and bleeding.
nd UHCA. Statistical analysis was performed using Fisher’s

TR
A
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Analysis of inter-tumor genetic heterogeneity has also
revealed a “molecular subtype field effect” in patients with
multiple adenomas and private mutations were identified in
each tumor leading to the same pathway de-regulation. It
suggests that specific risk factors could predispose to
development of multiple independent HCAs of the same
molecular subgroup. In this line, we demonstrated the role
of the hormonal balance between estrogen and androgen
and of the magnitude of estrogen exposure in the
occurrence of the different molecular subgroups of HCAs.
Estrogen and androgen exposure is the conjunction of
endogenous exposure due to sex and obesity and of exog-
enous exposure due to hormonal or alcohol intake. The
occurrence of inflammatory and sonic hedgehog HCAs could
be fostered by high estrogen exposure (“estrogen intoxica-
tion”) during life. In contrast, the level of estrogen exposure
is lower in patients with HNF1A mutated HCAs, suggesting
that the genetic background, such as HNF1A germline
mutations or other unknown polymorphisms, could sensi-
tize the patient to lower doses of hormones (“estrogen
sensitivity”) and estrogen metabolism alterations in HHCA
could contribute to this mechanism.46 Finally, we also
showed the role of androgen exposure due to male sex itself
or androgen intake, which promote HCA harboring CTNNB1
exon 3 mutations and the malignant transformation of
adenomas. This observation reinforced the association
observed between androgen and the risk of HCC
development described in mice and men.47

The new HCA molecular classification enabled to stratify
patients according to the risk of complication, malignant
transformation, and bleeding. Male and presence of CTNNB1
mutations exon 3 were associated with a high risk of ma-
lignant transformation (10% of the tumors were borderline
HCA/HCC or HCC on HCA in our series),21,22 together with
new risk factors, such as diabetes, alcohol intake, presence
of a unique tumor, and fibrosis on non-tumor liver. Only
shHCA subtype was significantly associated with both
histologic hemorrhage (identified in 52% of the tumors) and
symptomatic bleeding (identified in 14% of the patients),
whereas large size of the HCA, which is currently used in
clinical practice, was associated with histologic hemorrhage
only, but not symptomatic bleeding. Consequently, adding
molecular subtyping with histology and imaging data could
help to better assess the risk of bleeding in clinical practice.
In males, classification of HCA in molecular subgroups of
at-risk for complications (bex3HCA, bex3IHCA, shHCA) vs
non�at-risk (HHCA, IHCA, bex7,8HCA, bex7,8IHCA) is not
useful because sex per se is a strong risk factor of malignant
transformation, justifying systematic tumor destruction. In
contrast, in women, stratification according to molecular
subgroups at risk for complication could modify patient
care. First, in small HCAs, HHCA representing 41% of HCAs
<5 cm can be efficiently identified at magnetic resonance
imaging, as they were not associated with a risk of malig-
nant transformation, patients could benefit from non-
aggressive treatment and surveillance.11 In contrast, in
small non-HHCAs, at magnetic resonance imaging, biopsy
could be useful to confirm the diagnosis of HCA and exclude
the diagnosis of focal nodular hyperplasia and identify
Downloaded for Anonymous User (n/a) at Hartford HealthCare Corp
For personal use only. No other uses without permission
molecular at-risk HCA that could benefit from surgery. In
women with large HCAs (>5 cm), molecular classification
can also be helpful to identify patients most at risk for
complications, particularly when surgery is considered and
would be difficult. However, several multidisciplinary teams
also proposed to stop OC and follow-up HCAs of >5 cm in
women for several months. Then surgery is considered only
if the tumor increased in size despite stopping estrogens.8,48

Candidate therapeutic targets can be defined according
to the molecular classification, taking into account the
mechanism by which each pathway is dysregulated. We
previously showed that ruxolutinib (a JAK1/JAK2 inhibi-
tor) could be efficient to suppress the IL6/JAK/STAT
pathway activation related to IL6ST or JAK1 mutations,
whereas dasatinib (a src inhibitor) could be efficient
against STAT3 and FRK mutations.20,49 Visdomegib (an
SMO inhibitor) may not efficiently target sonic hedgehog
activation in shHCA because of the downstream activation
of GLI1, but GLI1 inhibitors (such as GANT-61, under
development) could be good candidates.50,51 Finally,
no efficient drugs are currently available for HNF1A
inactivation and b-catenin activation.

In conclusion, the revisited molecular classification has
redrawn the nosology of HCA according to risk factors,
clinical presentation, and histology. Personalized treatment
based on genetic analysis could be proposed to stratify
clinical care according to the risk for complications.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
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Supplementary Figure 1. Flow chart of the study.
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Supplementary Figure 2. Expression of genes up-regulated in shHCA. Expression of genes deregulated in sonic hedgehog
HCA among the different molecular subtypes of HCA (HHCA, n ¼ 92; IHCA, n ¼ 113; bex3HCA, n ¼ 24; bex3IHCA, n ¼ 27 [6%];
bex7,8HCA, n ¼ 8; bex7,8IHCA, n ¼ 17; shHCA, n ¼ 22; and UHCA, n ¼ 33) using quantitative RT-PCR (Kruskal�Wallis test).
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Supplementary Figure 3. Sashimi plot and INHBE�GLI1 fusion. Sashimi plots exported from Integrative Genomics Viewer
showing RNA-seq alignments for 3 normal liver samples (top) and 9 cases of shHCA with INHBE�GLI1 fusion (bottom).
Alignments in exons are represented as read densities, and splice junction reads are drawn as arcs connecting a pair of exons,
where arc width is proportional to the number of reads aligning to the junction. The canonical transcripts for the gene are
shown in blue.
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Supplementary Figure 4. Validation of INHBE�GLI1 fusion by Sanger sequencing. (A) Localization of primers used for Sanger
validation of INHBE�GLI1 fusion. (B) Examples of INHBE�GLI1 fusions identified by PCR. DNA amplifications were performed
using different combinations of primers in INHBE and GLI1 genes to amplify normal DNA (green) and the corresponding tumors
(red). (C) List of primers used for validation of INHBE�GLI1 fusion by Sanger sequencing.
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Supplementary Figure 5.Molecular intra-tumor heteroge-
neity. Three nodules with intratumor heterogeneity (2 samples
per nodule) were represented.

Supplementary Figure 6. Exposure to estrogens in multiples
HCA. Distribution of the scoring of estrogen exposure in 23
patients with multiple HNF1A-mutated HCA compared with
23 patients with multiple inflammatory HCA. The scoring of
exposition to estrogens in women from 0 to 5 was defined as
follow: no OC (0 point), number of years of OC less than
median (1 point), number of years of OC more than median
(2 points), BMI <25 (0 point), BMI between 25 and 30
(1 point), BMI >30 (2 points), alcohol intake <30 g/d (0 point),
alcohol intake �30 g/d (1 point).
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Supplementary Figure 7. Risk of hemorrhage according to the size and the molecular classification. (A) Association between
histologic hemorrhage and tumor size as a continuous variable (Mann�Whitney test). (B) Association between histological
hemorrhage and tumor size (c2 test for trend). (C) Association between histologic hemorrhage and molecular subclasses
(c2 test). The size of the tumors of each molecular subclasses was represented as mean with SD. (D) Association between
symptomatic bleeding and tumor size as a continuous variable (Mann�Whitney test). (E) Association between symptomatic
bleeding and tumor size (c2 test for trend). (F) Association between symptomatic bleeding and molecular subclasses (c2 test).
The size of the tumors of each molecular subclasses was represented in mean with SD.
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