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Abstract
Background  Inflammatory hepatocellular adenomas 
(IHCAs) are benign liver tumours characterised by an 
activation of the janus kinase (JAK)/signal transducers 
and activators of transcription (STAT) pathway caused 
by oncogenic activating mutations. However, a subset 
of IHCA lacks of identified mutation explaining the 
inflammatory phenotype.
Methods  657 hepatocellular adenomas developed in 
504 patients were analysed for gene expression of 17 
genes and for mutations in seven genes by sequencing. 
22 non-mutated IHCAs were analysed by whole-exome 
and/or RNA sequencing.
Results  We identified 296 IHCA (45%), 81% of them 
were mutated in either IL6ST (61%), FRK (8%), STAT3 
(5%), GNAS (3%) or JAK1 (2%). Among non-mutated 
IHCA, RNA sequencing identified recurrent chromosome 
rearrangement involving ROS1, FRK or IL6 genes. ROS1 
fusions were identified in 8 IHCA, involving C-terminal 
part of genes highly expressed in the liver (PLG, RBP4, 
APOB) fused with exon 33–35 to 43 of ROS1 including 
the tyrosine kinase domain. In two cases a truncated 
ROS1 transcript from exon 36 to 43 was identified. ROS1 
rearrangements were validated by fluorescence in situ 
hybridisation (FISH) and led to ROS1 overexpression. 
Among the 5 IHCA with FRK rearrangements, 5 different 
partners were identified (MIA3, MIA2, LMO7, PLEKHA5, 
SEC16B) fused to a common region in FRK that included 
exon 3–8. No overexpression of FRK transcript was 
detected but the predicted chimeric proteins lacked 
the auto-inhibitory SH2–SH3 domains. In two IHCA, 
we identified truncated 3’UTR of IL6 associated with 
overexpression of the transcript.
Conclusion  Recurrent chromosomal alterations 
involving ROS1, FRK or IL6 genes lead to activation of 
the JAK/STAT pathway in IHCAs.

Introduction
Hepatocellular adenomas (HCAs) are rare benign 
tumours mainly fostered by exposure to oestrogen, 
particularly in women taking oral contracep-
tives.1 Management of hepatocellular adenoma 
requires assessment of the risk of complications 
mainly related to tumour bleeding and malignant 

transformation to hepatocellular carcinoma 
(HCC).2

Genotype/phenotype classification of HCA has 
dissected adenomas in homogeneous subgroups 
characterised by somatic genetic alterations dysreg-
ulating signalling pathways and linked with specific 
risk factors, clinical behaviours, histological and 
imaging features.3 The first subgroups of HCA 
(HHCA, 30%–40%) are defined by bi-allelic inacti-
vating mutations of HNF1A and are associated with 
tumour steatosis, lipogenesis and mammalian target 
of rapamycin (mTOR) activation.4 5 Another group 
of HCA is defined by mutations in CTNNB1, coding 
for ß-catenin, either in exon 3 (bex3HCA, around 
15% of HCA) or in exon 7 or 8 (bex7,8HCA, around 
10% of HCA).3 6 Mutations in CTNNB1 exon 3 
are associated with a high risk of malignant trans-
formation in HCC.3 A new subgroup associated 

Significance of this study

What is already known on this subject?
►► Inflammatory hepatocellular adenomas (IHCAs) 
are benign liver tumours characterised by an 
activation of the JAK/STAT pathway caused by 
oncogenic activating mutations.

►► A subset of IHCA lacks of identified mutation 
explaining the inflammatory phenotype.

What are the new findings?
►► We identified recurrent chromosomal 
alterations involving ROS1, FRK or IL6 in IHCAs.

►► ROS1 activation is a novel mechanism of JAK/
STAT pathway activation in human benign liver 
tumours.

How might it impact on clinical practice in the 
foreseeable future?

►► These new genetic alterations could be 
potential diagnostic biomarkers of a subtype of 
hepatocellular adenoma.

►► Targeted therapies adapted to genetic 
alterations could be tested in selected patients 
with multiple or unresectable IHCAs.
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with a high risk of tumour bleeding was recently described in 
4%–5% of the patients (sonic hedgegog hepatocellular adenoma 
(shHCA)); it is defined by an activation of the sonic hedgehog 
pathway due to a GLI1 overexpression caused by a somatic 
fusion with INHBE, its neighbouring gene.7

The most prevalent subgroup of HCA are inflammatory 
tumours (inflammatory hepatocellular adenomas (IHCAs), 
around 50% of HCA), characterised by the constitutive and 
uncontrolled activation of interleukin 6 (IL-6)/JAK/STAT 
pathway easily detectable by the overexpression of serum 
amyloid A (SAA) and C-reactive protein (CRP) at the transcrip-
tomic level, associated with inflammatory infiltrate, sinusoidal 
dilatation and dystrophic arteries at histological level.8 Over-
expression of SAA and CRP in the tumour on immunohisto-
chemistry helps to identify this subtype in routine. Interestingly, 
a subset of IHCA is mixed, harbouring mutation of CTNNB1 
either in exon 3 or exon 7/8 (bex3IHCA, bex7,8IHCA). Risk 
factors for development of IHCA are high alcohol consump-
tion and obesity.9 Several genetic alterations are responsible 
for the constitutive activation of JAK/STAT pathway in IHCA. 
The most frequent mutation are in IL6ST (coding for the gp130 
receptor), STAT3 (coding for a transcription factor of the JAK/
STAT pathway), FRK (coding for a src kinase), JAK1 (coding for 
one of the protein tyrosine kinase of the JAK/STAT pathway) 
and GNAS (coding stimulatory G-protein alpha subunit).6 10 11 
Inflammatory syndrome, anaemia or fever could be observed in 
patients with IHCA; these symptoms regress after tumour resec-
tion. Recently, we described an IHCA with a rearrangement of 
the 3’UTR of the IL6 gene leading to a secondary amyloidosis 
through an autocrine/paracrine mechanism of activation of JAK/
STAT pathway by IL-6 in the whole liver.12 However, a subset of 
IHCA has currently no known genetic alterations explaining the 
constitutive activation of JAK/STAT pathway.

The aim of our study was to unravel new mechanisms of acti-
vation of inflammatory pathway in inflammatory adenomas 
without any mutation in known driver genes to better under-
stand the mechanism of regulation of IL-6/JAK/STAT pathway in 
hepatocytes and its role in benign liver tumourigenesis.

Material and methods
Selection of tumours and patients
Frozen samples from 657 HCA developed in 504 patients were 
analysed. This series included 124 new HCA cases apart from 
previously analysed HCA cases by Nault et al7 . Samples were 
collected in 28 centres in France from 2000 to 2017. All patients 
gave their informed consent according to French law. All samples 
were frozen in nitrogen immediately after resection or biopsy 
and conserved at −80°C.

DNA sequencing
HNF1A (exon 1–10), IL6ST (exons 6 and 10), CTNNB1 (exons 
2, 3, 4, 7 and 8), FRK (exon 6), STAT3 (exons 3, 6, 17 and 21), 
GNAS (exons 7, 8 and 9) and JAK1 (all exons) were sequenced 
by either Sanger sequencing or Miseq Illumina PCR-based 
sequencing (for detailed protocol see 6 13 14). Somatic mutations 
were confirmed by sequencing of the tumour and non-tumour 
counterpart.

Quantitative RT-PCR
Gene expression of a selection of 17 genes was assessed by quan-
titative reverse transcriptase PCR (RT-PCR) using Fluidigm tech-
nology with Taqman probes detailed in online supplementary 
table 1, as previously described.7 13 Data were normalised using 

RNA ribosomal 18S as calibrator. We used the 2 delta delta CT 
method with the level of the corresponding gene expression in 
tumour tissues expressed as an n-fold ratio compared with the 
mean level of expression in five normal livers.

As previously described,7 HHCAs were defined by HNF1A 
bi-allelic mutations and/or downregulation of LFABP and 
UGT2B7 (T/N<0.2); IHCAs were defined by SAA and/or CRP 
overexpression T/N>5 and/or activating mutations in IL6ST, 
FRK, JAK1, STAT3, GNAS. bex3HCAs were defined by muta-
tions or in frame deletion of CTNNB1 exon 3, bex7,8HCAs 
were defined by mutations of CTNNB1 in exon 7 or 8, bHCAs 
were defined by overexpression of Wnt/catenin pathway target 
genes GLUL or LGR5 (T/N>5) without identified gene muta-
tion. bex3IHCAs were identified by the combination of bex3HCA 
and IHCA criteria, bIHCA by the combination of bHCA and 
IHCA criteria and bex7,8IHCA by the combination of bex7,8HCA 
and IHCA criteria. shHCA was defined by overexpression of 
the following target genes of sonic hedgehog pathway: GLI1, 
TNNC1, FCRLA, GPR97, HHIP, PTCH1 and PTGDS.

Whole exome sequencing
Whole exome data were analysed in 19 HCA cases which 
included 4 previously published and 15 new cases. Sequence 
capture, enrichment and elution of genomic DNA samples from 
the tumour/normal pairs were performed by IntegraGen (Evry). 
Agilent in-solution enrichment was used with the manufacturer’s 
biotinylated oligonucleotide probe library SureSelect Human 
All-Exon kit V.4 70Mb (n=4), SureSelect Human All-Exon kit 
V.5 +UTRs (n=8), or Twist Human Core Exome Enrichment 
System (n=7). Briefly, 3 µg of each genomic DNA was sonicated 
and purified to yield fragments of 150–200 bp. Adaptor oligo-
nucleotides were ligated on A-tailed fragments and enriched by 
four to six PCR cycles. Purified libraries (500 ng) were hybri-
dised to the SureSelect library for 24 hours. The eluted enriched 
DNA sample was sequenced on an Illumina HiSeq 2000 (n=12) 
or HiSeq 4000 (n=7) as paired-end 75 bp reads. Sequencing 
details for each sample are indicated in online supplemen-
tary table 2. Variant calling was processed using Mutect2 by 
comparing each tumour sample with its matched non-tumour 
counterpart, following the genone analysis toolkit (GATK) best 
practices.15 16 The copy number profiles were defined using an 
in-house pipeline. Briefly, the logR ratio was processed using the 
coverage of each tumour and its non-tumour counterpart in each 
1 kb genomic windows; then a segmentation was done in order 
to identify copy number alterations.

RNA sequencing
RNA samples from the 22 HCA tumours were sequenced 
comprising 1 previously published12 and 21 new cases. RNA 
samples were enriched for polyadenylated RNA from 5 µg of 
total RNA, and the enriched samples were used to generate 
sequencing libraries with the NEBNext Ultra II Directional RNA 
(n=13) or Illumina TruSeq Stranded messenger RNA (mRNA) 
(n=9) kits and associated protocol as provided by the manu-
facturer. Libraries were sequenced by IntegraGen on an Illu-
mina HiSeq 2000 or 4000 as paired-end 101 bp or 75 bp reads 
(n=8 and n=14, respectively). Full Fastq files were aligned to the 
reference human genome GRCh38 using TopHat2 V.2.0.14.17 
Sequencing details for each sample and the parameters used for 
TopHat2 are indicated in online supplementary table 2. Read 
mapping from multiple locations was removed and HTSeq18 was 
used to obtain the number of reads associated with each gene in 
the Gencode V.27 database, restricting to protein-coding genes, 
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Table 1  Description of the tumours

Variables
Number (percentages)
n=657

HCA 605 (92%)

Borderline lesions (HCA/HCC) 39 (6%)

HCC on HCA 13 (2%)

H HCA 226 (34%)

I HCA 222 (34%)

bex 7,8 IHCA 21 (3%)

bex3 IHCA 44 (7%)

b IHCA 9 (1%)

bex 7,8 HCA 19 (3%)

bex3 HCA 52 (8%)

b HCA 4 (1%)

Sh HCA 34 (5%)

U HCA 26 (4%)

b IHCA, IHCA with activation of B-catenin pathway without mutations. b HCA, HCA 
with activation of B-catenin pathway without mutations ;bex3 IHCA, IHCA with 
mutations of CTNNB1 in exon 3; bex7,8 IHCA, IHCA with mutations of CTNNB1 in 
exon 7 or 8;bex3 HCA, HCA with mutations of CTNNB1 in exon 3;bex7,8 HCA, HCA 
with mutations of CTNNB1 in exon 7 or 8; H HCA, HNF1A inactivated HCA;HCA, 
hepatocellular adenoma; HCC on HCA, hepatocellular carcinoma developed on 
hepatocellular adenoma;HCC, hepatocellular carcinoma; IHCA, inflammatory 
hepatocellular adenoma; Sh HCA, sonic hedgehog HCA; U HCA, unclassified HCA;

pseudogenes, antisense and lincRNAs (n=39 947). Bioconductor 
DESeq2 package19 was used to import raw HTSeq counts for 
each sample into R statistical software and apply variance stabi-
lising transformation to the raw count matrix. FPKM scores 
(number of fragments per kilobase of exon model and millions of 
mapped reads) were calculated by normalising the count matrix 
for the library size estimated with DESeq2 package and the 
coding length of each gene. In order to handle batch effect, we 
used an in-house method, according to our previous published 
method.20 Briefly, area under the ROC curve (AUC) was used to 
identify and remove 2696 genes with a significant batch effect 
(AUC >0.95 between one sequencing project and others).

To perform gene set enrichment analysis (GSEA) analysis, 
genes from RNA-seq data were sorted according to fold-change 
from Limma analysis (genes with positive fold-changes first, then 
negative fold-changes) using an input of 16 387 genes (Hall-
marks gene set; MSigDB V.6 database used). This gene list was 
obtained from Genecode database; then genes with a variance 
equal 0 or with a total number of reads from samples inferior of 
50 were removed.

Gene fusion detection
Fusions detected by TopHat2 (--fusion-search --fusion-min-dist 
2000 --fusion-anchor-length 13 --fusion-ignore-chromosomes 
chrM) were filtered using the TopHatFusion20 pipeline. Fusions 
validated by BLAST and with at least 10 split-reads or pairs of 
reads spanning the fusion event were retained, whereas any 
fusion identified at least twice in a cohort of 36 normal liver 
samples was removed. For each fusions of interest, the sequence 
corresponding to chimaera was generated and used as a refer-
ence to realign RNAseq reads. Visual inspection of chimaera 
alignments on Integrative Genome Viewer (broad institute) 
was used to refine junction positions and determine in phase 
chimeric transcripts. Oncofuse V.1.0.9b2 was finally used to 
annotate fusions of interest.21

FISH experiment
Whole-tissue sections from formalin-fixed, paraffin-embeded 
surgical samples of HCA were deparaffinised in xylene and 
washed in ethanol. After rehydratation, they were subjected to 
heat pre-treatment (Pre-Treatment Solution, DakoCytomation, 
10 min, 75°C). After digestion with pepsin (10 min, DakoCy-
tomation) and airdrying, the SPEC ROS1 dual colour break 
apart probe (Zytovision Z-2144) was applied to the tissue 
sections. Probe mixture and tissue sections were further code-
natured and hybridised overnight (Dako Hybridizer). After 
washing, dehydration and drying, tissue sections were finally 
counterstained using fluorescence mounting media containing 
de-amidino-phenyl-indole.

Statistical analysis
Statistical analysis was performed using the GraphPad Prism and 
the R V.3.4.2 software. Comparison between qualitative data 
was performed using Fisher’s exact test. Quantitative data in two 
different group were compared using the non-parametric Mann-
Whitney test. All tests were two-tailed and a p value<0.05 was 
considered as significant.

Data availability
The aligned sequencing data reported in this paper have been 
deposited to the EGA (European Genome-phenome Archive) 
database (RNA-seq accession EGAS00001003025 and 

EGAS00001003685; WES accessions EGAS00001000679 and 
EGAS00001003686).

Results
Clinical features of the cohort of patients
657 HCA developed in 504 patients with a median age of 38 
years and comprising of 85% of women with 87% intake of oral 
contraceptive pills were included in the study (see flow chart, 
online supplementary figure 1).

Forty-four patients harboured liver adenomatosis (features of 
the series are described in table 1). 296 HCA (45%) were IHCA 
with an overexpression of SAA and CRP at the transcriptomic 
level and/or a mutation in the JAK/STAT signalling pathway (see 
material and methods). 76% of patients with IHCA showed an 
increase in serum CRP. Patients with IHCA were older (median 
age 40 years old vs 36 years old, p value=0.039, Mann-Whitney 
test), with a longer cumulative uses of oral contraception 
(median 19 years vs 11 years, p value<0.0001, Mann-Whitney 
test), a higher body mass index (median 25 kg/m2 vs 22 kg/m2, p 
value=0.003, Mann-Whitney test) and more frequent chronic 
alcohol intake (24% vs 9%, value=0.002, Fisher’s exact test) 
compared with patients harbouring other subgroups of HCA.

Spectrum of mutations in known oncogenes in IHCA
Among the 296 IHCA, 74 were mixed tumours with 21 
bex7,8IHCA (3% of the whole series, defined by mutations of 
CTNNB1 in exon 7 or 8) and 53 bex3IHCA/bIHCA (8% of the 
whole series) including 44 bex3IHCA (defined by a mutation of 
CTNNB1 in exon 3, 7%) and 9 bIHCA (defined by an overex-
pression of Wnt/catenin pathway target genes without mutation 
of CTNNB1, 1%). Borderlines lesions between HCA and HCC 
or HCC developed on HCA were identified in 6% of all IHCA 
(n=18). Nine borderlines lesions between HCA and HCC or 
HCC developed on HCA were identified among 53 bex3IHCA/
bIHCA (17%) versus 9 among 243 IHCA without activation 
of ß-catenin pathway (4%, p value Fisher’s exact=0.0013) 
confirming that activation of ß-catenin pathway is associated 
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Figure 1  Distribution of mutations in inflammatory hepatocellular adenomas (IHCAs). (A) We represented a heatmap of the somatic mutations 
and chromosomal rearrangements in driver genes (IL6ST, FRK, STAT3, GNAS, JAK1, ROS1, IL6 in line) in 296 IHCA (in column) (top). We included the 
expression level in log2 of ROS1, IL6, GLUL, LGR5, assessed by quantitative RT-PCR (bottom). (B) Mutational spectrum of IL6ST, FRK, STAT3, GNAS 
and JAK1. Red curves represent the density of mutation among genes. Orange boxes are protein domains annotations from the pfam database. HCA, 
hepatocellular adenoma; IHCA, inflammatory hepatocellular adenoma; HCC on HCA, hepatocellular carcinoma developed on hepatocellular adenoma; 
indel, inframe deletion.

with malignant transformation even in IHCA. In contrast, 
HNF1A inactivation (n=226) and sonic hedgehog activation 
(n=34) were almost exclusive from the inflammatory phenotype 
since only one mixed IHCA with bi-allelic inactivating mutations 
of HNF1A (#1355) was identified in our series.

Among the 296 IHCA, we identified an activating mutation of 
a gene belonging to the JAK/STAT pathway in 81% of the cases 
(figure 1A and B, online supplementary table 3):

►► Mutations in IL6ST, identified in 180 cases, were almost all 
located in exon 6 in the IL-6 receptor alpha-chain domain 
and were mostly small in-frame deletions and rarely point 
mutations. Nevertheless, the remaining four in-frame 

deletions clustered in exon 10 corresponding to the D4 
domain of gp130 delineating this second hotspot of muta-
tions in IL6ST.

►► FRK mutations, identified in 25 cases, clustered in the protein 
tyrosine kinase domain (exon 6) and were mainly small 
in-frame deletions. Interestingly, three samples displayed 
two FRK mutations on the same allele in exon 6 including 
two samples with p.Glu346Gly/p.Tyr350Cys mutations and 
one sample with p.Glu346Gly/p.Tyr368Cys mutations.

►► STAT3 mutations, identified in 15 cases, were either small in 
frame deletion or single nucleotide variation located in exons 
3, 6, 17 and 21. Most of the mutations clustered in exons 3 
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and 21 coding for the protein interaction and SH2 domains, 
respectively. Interestingly, one sample with a mutation in 
STAT3 exon 21 was also mutated in exon 17 (p.Lys658Tyr/p.
Asp502Tyr) and another was mutated both in exons 21 and 
3 (p.Tyr640Phe/p.Leu78Arg). Finally, one IHCA harboured 
a single mutation in exon 6 (p.Glu166Gln).

►► All mutations in GNAS, identified in 10 cases, were missense 
identified at the Arginine 201, the known exon 8 hotspot 
activating the protein Gs-alpha subunit.

►► JAK1 mutations were identified in seven cases (2% of IHCA) 
in exons 11, 14, 15, 16 and 20 all leading to amino acid 
substitution activating JAK1. Interestingly, two samples were 
double mutated in JAK1 exon 14 on the same allele at resi-
dues 644 and 645.

All oncogenic mutations identified in IHCA were mutu-
ally exclusive except for two cases: an IHCA harboured both 
STAT3 (p.Leu78Arg) and FRK (p.Glu346Gly) mutations, 
another tumour showed an IL6ST in-frame deletion (p.Tyr186_
Tyr190del) together with a FRK mutation (p.Val378_Lys380de-
linsGlu) (figure 1A). As previously described,11 the expression 
level of SAA2 and CRP was lower in GNAS activating mutated 
IHCA compared with IHCA with other genetic alterations 
(online supplementary figure 2)

Overall, 61 IHCA (21%) harboured no mutations in driver 
genes known to activate the JAK/STAT pathway.

Identification of recurrent ROS1 fusion genes in IHCA
In order to search for new oncogenes in IHCA, we performed 
whole exome sequencing (WES) in 19 IHCA without known 
mutations. Comparing tumours and matched non-tumour liver 
samples, a median number of 2 synonymous mutations and 14 
non-synonymous mutations per tumour were identified (online 
supplementary table 4). None of these samples harboured recur-
rent genetic alterations or recurrent copy number variation and 
no genes belonging to the JAK/STAT pathway was altered (online 
supplementary tables 4,5).

In contrast, using RNA sequencing in 22 IHCA without a 
known driver gene mutation, recurrent ROS1 transcript alter-
ations were identified in 10 cases (figure 2, online supplemen-
tary table 6); among these, 8 IHCA showed a chimeric transcript 
between the 3’ part of ROS1 and the 5’ part of three different 
partner genes which are highly expressed in normal hepatocytes. 
PLG-ROS1 fusions were identified in five cases as the result of a 
chromosome translocation t(6,10) (q22.1;q23.33). RBP4-ROS1 
fusions were identified in two cases as the result from a chromo-
some inversion at chromosome 6, Inv6 (q22.1-q25.3). Finally, 
APOB-ROS1 fusion was identified in one case resulting from 
a chromosome translocation t(2,6) (q22.1;q24.1). Breakpoints 
in ROS1 and the partner genes were variable leading in each 
case to at least one in phase transcript . However, all fusions 
included at least the last 9 exons of ROS1 (exon 33–43 in one 
case, exon 34–43 in six cases and exon 35–43 in one case) fused 
in frame with the 5’ of the various partner genes. One tumour 
with a ROS1 fusion was also mutated for CTNNB1 in exon 3 
(figure 1A, online supplementary table 2).

Finally, in the last two cases, we identified a truncated mRNA 
of ROS1 with an overexpression of exons 36–43 (#4089T) or 
37–43 (#1896T) and, in these cases, we did not identify any 
fusion partner in RNA sequencing data; however, RNA-seq 
quality of sample #1896T was poor, due to a degraded RNA. 
In three cases, we performed a FISH experiment that confirmed 
the ROS1 break in each tumour, including the two samples with 
only a truncated transcript identified (#4089T and #1896T) 

(figure 2D). GSEA analyse of the transcriptome of HCA with 
ROS1 fusions confirmed an enrichment in JAK/STAT pathway 
(HALLMARK IL6 JAK STAT3 SIGNALING; online supplemen-
tary figure 3).

In all the cases, the tyrosine kinase domain of ROS1 (located 
in exons 36–42) was retained in the rearranged genes and the 
ROS1 transcript was highly overexpressed (figure  2B, median 
FPKM=20.4) compared with HCA without ROS1 fusion 
(median FPKM=7.5×10−3, p value=8.6×10−5) and compared 
with non-tumour liver (n=4, median FPKM=5.1×10−2, p 
value=7.0×10−3).

Identification of recurrent FRK fusion genes in IHCA
By analysing the 22 IHCA with RNAseq, five tumours with a 
chimeric transcript involving FRK were identified (figure  3A, 
online supplementary table 6), with one of them also mutated 
for CTNNB1 in exon 7 (online supplementary table 2). All of 
them harboured an enrichment in genes belonging to JAK/STAT 
signalling at the transcriptomic level using GSEA analysis (online 
supplementary figure 3). FRK fusions resulted from various 
translocations linking exons 1–25 of MIA3 (chromosome 1q41), 
or exons 1–20 of MIA2 (chromosome 14q21.1) or exons 1–25 
of LMO7 (chromosome 13q22.2) or exons 1–19 of PLEKHA5 
(chromosome 12p12.3) with exons 3–8 of FRK (chromosome 
6q21.1). The last FRK fusion linked exons 1–20 of SEC16B 
(chromosome 1q25.2) to exon 1–8 of FRK resulting in both 
a chimeric transcript including all exons of FRK and a trun-
cated transcript starting with an alternative TSS in the intron 2 
(figure 3C). All the fusions were in phase at the nucleotide level. 
In all the chimeric transcript, the tyrosine kinase domain of FRK 
(exons 4–8) was retained whereas the auto-inhibitory SH2 and 
SH3 domains were absent in the predicted aberrant protein. The 
expression level of FRK was not increased in IHCA with FRK 
fusions compared with other HCA (figure 3B).

Recurrent IL6 gene rearrangements in IHCA
Finally, we identified two IHCA with abnormal 3’ untrans-
lated region (UTR) of IL6 on RNA sequencing (figure 4A) and 
characterised by activation of JAK/STAT pathway (GSEA anal-
ysis, online supplementary figure 3). One case was previously 
published (#2615T with inflammatory SAA amyloidosis); the 
tumour showed a deletion of 3’UTR of IL6 due to an inversion 
of 18.7 megabases validated by whole genome sequencing.12 
We identified a second IHCA, #1215T, with a truncation of 
the 3’UTR regulatory region of IL6 due to a eight megabases 
deletion identified using RNA sequencing. In contrast to the 
first case, #1215T was not associated with SAA amyloidosis 
symptoms. In these two IHCA, IL6 was strongly overexpressed 
(figure 4B, median FPKM=56.4) compared with others IHCA 
(median FPKM=2.01×10−1, p value=2.6×10−2).

Finally, six IHCAs analysed by WES and/or RNA sequencing 
remained without identifiable driver genetic alterations. Inter-
estingly, on pathological reviewing, 5 among these 6 IHCA 
(83%) showed haemorrhage on histology (vs 58% in the whole 
series of IHCA) with a minimal expression of CRP and SAA at 
the transcriptomic level.

Discussion
IHCA serves as a unique model to study the inflammatory 
pathways in mature hepatocytes and to identify new drivers of 
oncogene-induced inflammation in benign liver tumourigenesis. 
Based on the analysis of a large number of IHCA (see flow chart, 
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Figure 2  Recurrent ROS1 fusions in inflammatory hepatocellular adenomas (IHCAs). (A) Representation of the ROS1 fusion in 8 IHCAs whereas 2 
IHCAs with ROS1 truncated transcript were not represented. IHCA, inflammatory hepatocellular adenoma. (B) Expression level of ROS1 in FPKM (log 
10) in 22 hepatocellular adenoma analysed by RNA sequencing (10 IHCA with ROS1 fusion/truncated transcripts and 12 IHCA with other genetic 
alterations). The p value compare the level of expression of ROS1 between IHCA with ROS1 alterations versus other IHCA using the Mann-Whitney 
non-parametric test. (C) Sashimi plots showing RNA-seq alignments for the wild-type ROS1 in a normal liver (#933N) (top) and 10 cases of IHCA 
with ROS1 fusion (bottom). Splice junction reads are represented as arcs connecting a pair of exons. Arc width is proportional to the number of reads 
aligning to the junction. Grey exon number shows exons not involved in chimeric transcripts and bold exon number represents the ROS1 exons 
involved in the in-frame junction of the chimeric transcript. Black arrow indicates stop of transcription following abnormal junction. (D) FISH using 
ROS1 dual-colour break-apart probe in 1 IHCA with known ROS1 fusion and one control. White arrows indicate wild-type ROS1 with combined red 
and green signals. Red arrows indicate dissociated signals validating ROS1 rearrangement.
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Figure 3  Recurrent FRK fusions in inflammatory hepatocellular adenomas (IHCAs). (A) Representation of the FRK fusions in five IHCAs. (B) 
Expression level of FRK in FPKM (log 10) in 22 HCA analysed by RNA sequencing. (C) Sashimi plots showing RNA-seq alignments for the wild-type 
FRK in a normal liver (#933N) (top) and five cases of IHCA with FRK fusion (bottom). Splice junction reads are represented as arcs connecting a pair 
of exons. Arc width is proportional to the number of reads aligning to the junction. Bold exon number represents the ROS1 exons involved in the in-
frame junction of the chimeric transcript. Red arrow indicates alternative transcription start site in the FRK-SEC16B fusion.

online supplementary figure 1), we identified novel recurrent 
somatic chromosomal rearrangements of ROS1, FRK and IL6.

In our study, IHCA is the most frequent molecular subgroup 
with 45% of HCA harbouring an inflammatory phenotype. 
Overall, we now described in IHCA a total of seven genes that 
are able to activate the JAK/STAT pathway in hepatocytes when 
mutated and therefore are associated with benign liver tumouri-
genesis.22 Some of these oncogenes belong directly to the JAK/
STAT pathway such as IL6ST (61% of mutations), STAT3 (5% 

of mutations), JAK1 (2% of mutations) or IL6 (1% of alter-
ations).6 10 However, the remaining three genes, FRK (8% of 
mutations, 2% of fusions, mutually exclusive), GNAS (3% of 
mutations) and ROS1 (3% of fusions), belong to other signal-
ling pathways but are also known to activate the IL-6/JAK/STAT 
pathway in cellulo (figures  1A and 5).6 11 23 Though in most 
of the IHCA, gene mutations were exclusive, in two cases, we 
observed a concomitant mutation of STAT3 L78R with either 
a classical FRK or STAT3 mutations. We had previously shown, 
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Figure 4  IL6 rearrangements in inflammatory hepatocellular adenomas (IHCAs). (A) Sashimi plots showing RNA-seq alignments for the wild-type 
IL6 in a normal liver and a corresponding non-tumour liver (bottom) and two cases of IHCA with truncation of 3’UTR (top). Splice junction reads are 
represented as arcs connecting a pair of exons. Arc width is proportional to the number of reads aligning to the junction. *already published12. (B) 
Expression level of IL6 in FPKM (log 10) in 22 HCA analysed by RNA sequencing. The p value compared the level of expression of IL6 between IHCA 
with IL6 alterations versus other IHCA using the Mann-Whitney non-parametric test.Coordinates in GRCh38. FPKM, fragments per kilobase of exon 
model per million reads mapped; IHCA, inflammatory hepatocellular adenoma; WT, wild type; SV, structural variants.

Figure 5  Mutations in oncogenes in inflammatory hepatocellular adenomas (IHCAs). Frequencies of somatic genetic alterations in driver 
genes observed in IHCA are indicated. Targeted therapies potentially active against each genetic alteration are indicated by a yellow flag. IHCA, 
inflammatory hepatocellular adenoma.

in cellulo, that STAT3 L78R mutations alone can only weakly 
activate the JAK/STAT pathway.24 Another study suggested that 
the L78R mutation, located in the N-terminal domain, could 
prolong the activation of STAT3.25 We could hypothesise that 

STAT3 L78R mutation could cooperate with additional mutation 
in the JAK/STAT pathway to induce an inflammatory response in 
mature hepatocytes.
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In this work, we identified recurrent ROS1 rearrangements 
in 10 IHCA without other mutations in driver genes. ROS1 is a 
tyrosine kinase receptor composed of a N-terminal extracellular 
domain, a transmembrane domain and a C-terminal intracellular 
tyrosine kinase domain, known to activate several downstream 
pathways such as the MAP kinase and AKT/mTOR pathways.26 27 
Recurrent ROS1 rearrangements are identified in 2% of non-
small cell lung carcinoma and in other cancer types including 
cholangiocarcinoma, lymphoma, glioblastoma, colorectal and 
gastric carcinoma.26 In anaplastic lymphoma and in inflamma-
tory myofibroblastic tumours, ROS1 fusions induce a strong acti-
vation of the JAK/STAT pathway.23 28 To our knowledge IHCA 
is the second type of benign tumour showing ROS1 fusion after 
Spitz nevi.29 This observation reinforces the hypothesis that 
ROS1 fusion is an early event during the mechanism of carcino-
genesis in solid tumours but it is not sufficient alone to promote 
a full malignant transformation of hepatocyte or melanocyte.

In IHCA, exons 33–35 of ROS1 are fused in-phase with 
different partners including PLG, APOB and RBP4. All these 
partners are highly expressed in adult liver whereas ROS1 is 
almost not expressed in normal hepatocytes. Resulting from the 
gene fusion, ROS1 is under the control of the promoter of the 
different partner genes and consequently overexpressed specifi-
cally in all IHCA harbouring the ROS1 rearrangement. Interest-
ingly, all ROS1 fusions retained the intracellular tyrosine kinase 
domain (exon 36–42) and lost the transmembrane domain. 
These findings are similar to all the ROS1 fusion proteins already 
identified in lung cancer, lymphoma or cholangiocarcinoma that 
all retained the tyrosine kinase domain, essential for its onco-
genic activity.23 30 31 In cellulo model we have also demonstrated 
that ROS1 fusions were able to activate STAT3 in haematological 
cancer.23 Moreover, most of ROS1 fusions described in cancer 
lack their transmembrane domain leading to the relocalsation 
of the fusion proteins in the cytoplasm that could interact 
with different proteins and modified downstream signalling 
pathway.27 32 In two of the IHCA cases, though we identified a 
truncated overexpressed ROS1 mRNA, its partner genes could 
not be identified owing to the poor quality of RNA. However, 
ROS1 breaks were confirmed by FISH in both the cases.

We previously identified in IHCA recurrent mutations of FRK 
able to activate JAK/STAT pathway in cellulo.6 In this study, 
recurrent FRK fusions were identified in five cases of IHCA, 
all showed an in-frame fusion gene. The fusion transcript was 
predicted to code for a chimeric protein retaining the tyrosine 
kinase domain, encoded by exons 4–8, but lacking the SH2 and 
SH3 auto-inhibitory domains, encoded by exons 1–3.33 Inter-
estingly, FRK fusions have been described in acute myeloid 
leukaemia with ETV6-FRK and in anaplastic large cell lymphoma 
with CAPRIN-FRK, all with a similar junctions at exon 3 of 
FRK34.35 In cellulo model showed that ETV6-FRK fusion protein 
has a constitutive autophosphorylation on its tyrosine residues 
with an elevated kinase activity.35 All these data suggested that 
in hepatocyte like in haematological diseases, the deletion of the 
SH2/SH3 domain together with an intact tyrosine kinase domain 
is critical for the oncogenic mechanism of FRK fusions.

We also described two cases of somatic alterations of IL6 with 
truncation of the 3’UTR due to large chromosome inversion 
or deletion at the genomic level. These two IHCA harboured 
a strong overexpression of IL6 suggesting that the lacks of the 
3’UTR regulatory elements induced an overexpression of the 
transcript. Interestingly, the IL-6 mRNA has a short half-life of 
around 30 min that is regulated by the 3’UTR.36 Consequently, 
the truncation of the 3’UTR in these two IHCA could lead to 
an increased stability and accumulation of the transcript. We 

previously described one of the cases that was associated with 
occurrence of inflammatory amyloidosis,12 but the second case 
did not.

In our series, we identified IL6 alterations, ROS1 and FRK 
fusions in 3%, 2% and 1% of all HCA, respectively. In all 
these HCA, no other driver mutations were identified except 
one CTNNB1 mutation exon 3 in one case and one CTNNB1 
mutation exon 7 in another case. As ROS1 and IL6 rearrange-
ments induced an mRNA overexpression, we did not identify 
an additional candidate IHCA for these genetic alterations after 
screening of the whole series of IHCA by quantitative RT-PCR. 
In contrast, the exact frequency of FRK rearrangement could be 
under-estimated.

In six IHCAs, no functional genetic alterations were identi-
fied using next generation sequencing. However, in 5 of these 
6 cases, we observed haemorrhage at histological level which 
is known to induce inflammation and thus a slight increase in 
SAA and CRP expression in these adenomas without a genomic 
driven activation of the IL6/JAK/STAT3 pathway.

Finally, IHCA harboured several driver genes that could be 
used as a target for drug therapy in the future in clinical practice. 
ROS1 fusion could be targeted by crizotinib, a small molecule 
currently approved by Food and Drug Administration (FDA) 
for the treatment of lung cancer with ROS1 fusion.37 Moreover, 
we previously showed that dasatinib, a src inhibitor, shutdown 
JAK/STAT activation due to FRK mutations in cellulo.6 We can 
predict that the same results could be obtained in IHCA with FRK 
fusions. These data suggested that targeted therapies adapted to 
genetic alterations (ruxolitinib in IL6ST mutation, dasatinib for 
FRK mutations/fusions and crizotinib for ROS1 fusion) could be 
tested in selected patients with multiple or unresectable IHCA 
(figure 5).38

In conclusion, we described recurrent chromosomal alter-
ations of ROS1, FRK and IL6 as new mechanisms of JAK/STAT 
pathway activation driving benign tumourigenesis in IHCAs that 
could be tested as therapeutic targets in future clinical trials.

Short summary
We identified recurrent chromosomal alterations involving 
ROS1, FRK or IL6 in IHCAs. ROS1 activation is a novel mech-
anism of JAK/STAT pathway activation in human benign liver 
tumours.
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