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Abstract

Background Focal nodular hyperplasia (FNH) is typically considered a benign tumor of the

liver without malignant potential. The co-occurrence of FNH and hepatocellular carcinoma

(HCC) has been reported in rare cases. In this study we sought to investigate the clonal

relationship between these lesions in a patient with FNH-HCC co-occurrence.

Methods A 74-year-old female patient underwent liver tumor resection. The resected

nodule was subjected to histologic analyses using hematoxylin and eosin stain and immu-

nohistochemistry. DNA extracted from microdissected FNH and HCC regions was subjected

to whole exome sequencing. Clonality analysis were performed using PyClone.

Results Histologic analysis reveals that the nodule consists of an FNH and two adjoining

HCC components with distinct histopathological features. Immunophenotypic characteriza-

tion and genomic analyses suggest that the FNH is clonally related to the HCC components,

and is composed of multiple clones at diagnosis, that are likely to have progressed to HCC

through clonal selection and/or the acquisition of additional genetic events.

Conclusion To the best of our knowledge, our work is the first study showing a clonal

relationship between FNH and HCC. We show that FNH may possess the capability to

undergo malignant transformation and to progress to HCC in very rare cases.
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Plain language summary
Focal nodular hyperplasia (FNH) is a

lesion resulting from the abnormal

growth of liver cells. It is typically

considered a benign tumor that does

not become malignant. In rare cases,

FNH may occur alongside malignant

hepatocellular carcinoma (HCC). In

these cases, it is not known whether

the malignant HCC may derive from

the benign FNH. In this study, we

reported on the analysis of a 74-year-

old female patient with co-occurring

FNH and HCC. We found that the

FNH and HCC lesions were in fact

genetically related, suggesting that

the FNH gave rise to the HCC lesions.

Furthermore, we found multiple cell

populations within the FHN lesion

that may be precursors to the HCC

lesions suggesting that, in rare cases,

FNH may be capable of progressing

to malignant HCC. These findings

may help to refine the surveillance

strategy for these lesions.
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Focal nodular hyperplasia (FNH) accounts for up to 8% of all
liver tumors and is the second most common benign tumor
in the liver1. The widely accepted theory is that FNH

develops from a hyperplastic response to an increased local blood
flow2. Besides the minimal risk of hemorrhage and rupture, FNH
manifests as an indolent clinical disease that is mostly detected
incidentally2.

The development of hepatocellular carcinoma (HCC) is driven
by progressively accumulating genetic, epigenetic, and micro-
environmental alterations mostly in the background of chronic
liver disease3. It is accepted that the multistep sequence of
hepatocarcinogenesis includes progression through dysplastic
lesions and hepatocellular adenomas3. However, this model does
not explain the subset of HCCs neither associated with any
background disease nor with defined precancerous lesions.

Co-occurrence of FNH and HCC has been reported in rare
cases4. Previous studies using comparative genomic hybridization
or HUMARA clonality analysis of a limited number of genomic
loci found that the alterations present in HCC could not be
detected in synchronous FNHs5–7. However, no synchronous
FNH and HCC compartments have been genomically char-
acterized using comprehensive methods, so their clonal connec-
tion has not been properly assessed. Transcriptomic analysis of
FNH has demonstrated only that two angiopoietin genes
(ANGPT1, ANGPT2) have altered mRNA expression levels,
without somatic gene mutations commonly observed in HCC8.

FNH is rarely associated with HCC, however, the risk of
malignant transformation from FNH to HCC has been already
suggested9. In this study, we describe a 74-year-old female patient
with an FNH and a concomitant HCC nodule in a non-cirrhotic
liver. The nodule consisted of two HCC components with distinct
histopathological features. We demonstrated, using whole-exome
sequencing (WES), that the FNH and the HCC share a common
phylogenetic origin.

Methods
Patient. Liver biopsies and resected material were obtained from
the University Hospital Basel. Written informed consent was
obtained from the patient for the publication of the case details.
The study was approved by the ethics committee of the north-
western part of Switzerland (Ethics Committee of Basel, EKBB,
numbers 2019-00816 and 2014-099)10,11.

Immunophenotypic characterization. Sequential 3 μm-thick
sections of formalin-fixed, paraffin-embedded (FFPE) tumoral
tissue were used. Deparaffinized serial sections were stained by
Hematoxylin and Eosin (H&E) and Novotny reticulin stain.
Histopathologic HCC grading was performed according to the
Edmondson system. Immunohistochemical staining were per-
formed with monoclonal antibodies against glutamine synthetase
(GS) (clone GS-6, mouse, Ventana/Roche, Mannheim, Germany),
Glypican-3 (clone 1G12, mouse, Ventana/Roche, Mannheim,
Germany), CD34 (Ventana/Roche, Mannheim, Germany), Ki67
(clone Mib1, catalog no IR626, Dako, Carpinteria, CA, USA),
Serum Amyloid-A (SAA) (clone Mc1, catalog no IR605, Dako,
Carpinteria, CA, USA) and C Reactive Protein (CRP) (clone
ab32412, Abcam, Cambridge, MA, USA) on a Benchmark
immunostainer (Ventana, Roche) according to the manu-
facturers’ instructions.

DNA extraction and whole-exome sequencing. FFPE tissue of
the resected tumor was micro-dissected to separate the FNH and
the two HCC components as previously described12. DNA was
extracted using the Qiagen DNeasy Blood & Tissue kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.

Extracted DNA from each micro-dissected component and the
adjacent non-tumoral liver tissue were separately subjected to
WES. The Twist Human Core Exome kit was used for whole-
exome capture according to the manufacturer’s guidelines.
Sequencing was performed on Illumina NovaSeq 6000 using
paired-end 100 bp (mean sequencing depth 247× for the FNH,
297× for HCC1, 211× for the HCC2/HGDN, and 231× for
germline (adjacent non-tumoral liver tissue). Sequencing was
performed by CeGaT (Tübingen, Germany).

Reads obtained were aligned to the reference human genome
GRCh38 using Burrows-Wheeler Aligner (BWA, v0.7.12)13. Local
realignment, duplicate removal, and base quality adjustment were
performed using the Genome Analysis Toolkit (GATK, v4.1, and
Picard (http://broadinstitute.github.io/picard/). Somatic single
nucleotide variants (SNVs) and small insertions and deletions
(indels) were detected using Mutect2 (GATK 4.1.4.1)14 and
Strelka v.2.9.1015. Only variants detected by both callers were
kept. SNVs and indels outside of the target regions (i.e., exons),
those with a variant allelic fraction (VAF) of <5% and/or those
supported by <3 reads were filtered out. Variants for which the
tumor VAF was <5 times that of the paired non-tumor VAF were
excluded, as were variants identified in at least two of a panel of
123 non-tumor samples, captured and sequenced using the same
protocols using the artifact detection mode of MuTect2
implemented in GATK. All indels were manually inspected using
the Integrative Genomics Viewer16. To account for the presence
of somatic mutations that may be present below the limit of
sensitivity of somatic mutation callers, we used GATK Unified
Genotyper to interrogate the positions of all unique mutations in
all samples to define the presence of additional mutations.

FACETS v.0.5.1417 was used to identify allele-specific copy
number alterations. Genes with total copy number greater than
gene-level median ploidy were considered gains; greater than
ploidy +4, amplifications; less than ploidy, losses; and total copy
number of 0, homozygous deletions. Somatic mutations asso-
ciated with the loss of the wild-type allele (i.e., loss of
heterozygosity [LOH]) were identified as those where the lesser
(minor) copy number state at the locus was 0. The cancer cell
fraction (CCF) of each mutation was identified using ABSOLUTE
v. 1.0.618.

Mutational signatures. Decomposition of mutational signatures
was performed using deconstructSigs19 based on the set of 60
mutational signatures (“signatures.exome.cosmic.v3.may2019”)20,21.

PCR amplification, Sanger sequencing, and quantitative real-
time PCR. For the identification of hotspot somatic mutations in
TERT promoter, primer sets that amplify the hotspot sites of the
TERT promoter were designed as previously described22 and are
available in our previously published study23. PCR amplification
was performed from 100 ng of genomic DNA using the AmpliTaq
Gold 360 Master Mix Kit (Life Technologies) on a SimpliAmp
Thermal Cycler (ThermoFisher) as previously described23.
Sequencing was performed using purified PCR fragments (QIA-
quick PCR Purification Kit, Qiagen) on an ABI 3730 capillary
sequencer using the ABI BigDye Terminator chemistry (v3.1, Life
Technologies). Sequences of the forward and reverse strands were
analyzed using 4Peaks (https://nucleobytes.com/4peaks/). All ana-
lyses were performed in triplicate.

RNA extraction from FFPE tissues was performed using
RecoverAll Total Nucleic Acid Kit for FFPE (ThermoFisher)
according to manufacturer’s guidelines. Quantitative RT-PCR
analysis was performed using SYBR Green. GAPDH was used as
housekeeping genes for normalization. mRNA fold expression
change was calculated by the 2-ΔΔCT method as previously
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described24. The following Primers set were used: GAPDH
Foward 5′ -AGGTGAAGGTCGGAGTCAACG-3′ and Reverse
5′ -TGGAAGATGGTGATGGGATTT-3′ and TERT25 Foward 5′
-GCCGATTGTGAACATGGACTACG-3′ Reverse 5′ -GCTCGT
AGT TGAGCACGCTGAA-3′.

Clonality analysis. Clonal prevalence analysis was conducted
using the hierarchical Bayesian model PyClone, which estimates
the cellular prevalence of mutations in deeply sequenced samples,
using allelic counts, and infers clonal structure by clustering these
mutations into groups with co-varying cellular frequency.
PyClone was run using a two-pass approach, whereby mutations
whose cellular prevalence estimate had standard deviation >0.3
were removed before a second pass analysis was run. A cellular
prevalence of >80% was used as a threshold for clonality.

Results
Patient information and clinical history. A 74-year-old female
patient with a history of continued alcohol abuse (one bottle of
wine/day for more than 10 years; 9 units/day) and malnutrition
(BMI 12.8 kg/m2) presented in the emergency department with
multiple fractures of the femur and pelvis after falling at home.
Initial computed tomography (CT) incidentally revealed an
18 × 17 mm hypervascular nodule in liver segment 8 in November
2019 (Fig. 1a), the lesion showed complete wash-out in the
venous/delayed phase and was therefore classified as LI-RADS 4
(probably HCC, biopsy recommended)26. Standard liver function
screening revealed normal aminotransferases (ASAT 29 U/l,
normal range 11–34 U/l; ALAT 18 U/l, normal range 8–41 U/l),
bilirubine (9.2 µmol/l, normal range < 15 µmol/l), INR 0.9, nor-
mal range < 1.3) and albumin levels (38 g/l, normal range
35–52 g/l). Magnetic resonance imaging for better characteriza-
tion of the nodule was declined by the patient. Therefore, an
ultrasound-guided needle biopsy was performed and a detailed
histological assessment, including morphologic and immunohis-
tochemical analysis, was consistent with the diagnosis of FNH
without signs of cirrhosis or malignancy in the background liver
(Fig. 2a). A follow-up thoracoabdominal CT scan after ~7 months
(June 2020) showed an increase in nodular size up to 21 × 32 mm,
with inhomogeneous arterial phase hyperenhancement and
venous/delayed phase washout (Fig. 1b). There was a nodule-in-
nodule pattern and a threshold growth of more than 50% within
6 months, both features supporting an upgrade to LI-RADS 5
(definitive HCC). Alpha-fetoprotein was not elevated at 4.7 kIU/l
(normal range < 5.8 kIU/l) and showed no relevant increase over
time. A new pulmonary focus was demarcated in the right upper
lobe in November 2019, which was, however, assessed as
indeterminate.

Due to the imaging findings supporting a definitive HCC
diagnosis, the patient was scheduled for surgical resection in
accordance with the Barcelona clinic liver cancer staging27

management guidelines (stage A—early stage). Preoperative risk
stratification showed neither portal hypertension (portal vein
pressure gradient 3 mmHg) nor esophageal varices and complete
resection of the tumor was performed without any complications.
The patient now undergoes regular CT scan controls. The last CT
scan in September 2021 did not show any metastatic suspicion.

Pathologic characterization of the lesions. The first macro-
scopical analysis of the resected specimen revealed a well-cir-
cumscribed, but not encapsulated lobulated solid mass of 2.9 cm
in diameter consisting of two different components. The bigger
component was yellow with a fibrous scar and focal hemorrhage
while the other part was white and firm (Fig. 2b).

Microscopic examination of the specimen revealed the
presence of two different lesions classified as an HCC
(Edmondson grade 2; HCC1) and an early HCC/High-grade
dysplastic nodule (Edmondson grade 1 HCC or High-grade
dysplastic nodule; HCC2/HGDN) adjoining the FNH nodule
(Fig. 2b). The FNH nodule showed the classical histologic picture
with numerous foci of hepatocytes intersected with arteria and
bile ductuli-rich fibrous bands (Fig. 2c and Supplementary
Fig. 1l). The reticulin staining demonstrated a preserved reticulin
framework inside the nodule. Immunohistochemical stains for GS
showed the distinctive “map-like” patchy staining of the
hepatocytes. Glypican-3 (GPC3) was negative. The nodule was
negative for SAA while partial positivity observed for the CRP
(Supplementary Fig. 1d-e). CK19 highlighted the presence of
numerous bile ducts within fibrotic bands of the nodule
(Supplementary Fig. 1k). The proliferation index measured by
Ki67 was lower than 1%. (Supplementary Fig. 1g). The two
neighboring lesion components had distinct morphological
features from each other. The larger tumor, 15 mm in diameter,
showed Edmondson grade 2 trabecular-solid pattern HCC with
steatotic cellular change (HCC1; Fig. 2d). GS and GPC3
immunostainings displayed diffuse positivity and the reticulin
framework was distinctly lost. The adjoining smaller tumor,
8 mm in diameter, vaguely nodular, consisted of monotonous
hepatocytes of nearly normal appearance with focal atypia
(Fig. 2e). Reticulin staining revealed focal thickened trabeculae
and loss of reticulin framework. GS was patchy positive while
GPC3 was expressed by small subsets of tumoral cells. In HCC
components, CD34 staining revealed capillarization of sinusoids
(Supplementary Fig. 1a-b). The Ki67 proliferative index was less
than 1% for the tumoral cells on both of the components
(Supplementary Fig. 1h-i). By microscopical analysis, the
differentiation of early-stage well-differentiated (Edmondson
grade 1) HCC and high-grade dysplastic nodule (HCC2/HGDN;
Fig. 2e). The background liver was free of pathology (Supple-
mentary Fig. 1c). The postoperative tumor stage was pT1a
pN0 G1 R0.

The patient was included in a clinical study, investigating
pembrolizumab vs. placebo in an adjuvant setting for patients
with a high risk of HCC recurrence.

Genomic characterization reveals clonal evolution of the FNH
to HCC. To better understand the origin of these lesions and to
investigate the possibility of a clonal relationship between the
FNH and the two HCC components, we performed high-depth
WES of the separately microdissected lesions (FNH, HCC1:
Edmondson grade II HCC and HCC2/HGDN: Edmondson grade
I HCC/ High-grade dysplastic nodules), along with non-tumoral
tissue used to call somatic genetic alterations excluding germline
variants. We detected 94, 102, and 101 non-synonymous muta-
tions in the FNH sample, HCC1, and HCC2/HGDN, respectively.
Of these, 80 were common between the FNH and both HCCs,
and 6 were shared between the HCCs and absent in the FNH
(Fig. 3a and Supplementary Data 1). Ten, 16, and 11 mutations
were found exclusively in the FNH, HCC1, or HCC2/HGDN,
respectively (Fig. 3a). Four mutations were found in the FNH and
HCC2/HGDN, while no mutations were shared between only
HCC1 and the FNH exclusively. In addition, given that the WES
does not cover the promoter region of TERT, we performed
Sanger sequencing for the two hotspot mutations commonly
found in HCC (−c.124 C > T and −c.146 C > T). We found that
the FNH and the two HCC components harbor the hotspot
mutation −c.124 C > T. The effect of this mutation was also
investigated at the TERT mRNA level. TERT expression was
higher in the lesions compared to the matched non-tumoral liver
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(Supplementary Fig. 2). The mutations shared by all samples
included missense variants in ATG5 (T214A) coupled with the
LOH of the other allele. Of note, alterations in this gene were
previously reported in the pathogenesis of FNH in mouse
models28. Other shared mutations were observed in ANGPT1
(Q162K), the expression of which has been found to be dysre-
gulated in other FNH lesions8, and in HNRNPA2B1 (D164G),
which has been reported as a hepatic mutational cancer driver29.

In addition, we detected somatic mutations in well-known
oncogenes such as CBL (R822W) and G6CP (A161S) that have
previously been described in HCC and other cancer types29,30

(Fig. 3b, Supplementary Data 1). On the other hand, the muta-
tions unique to the HCC samples included somatic alterations in
bona fide cancer driver genes such as MYCN (G46V) and
MAP2K4 (Q118K)29 (Fig. 3b). In addition, given that the clinical
history might suggest alcohol-related liver injury we analyzed the

Fig. 1 Radiological imaging of the liver nodule at different time points. a In the initial imaging, abdominal ultrasound shows a solitary, roundish nodule
with a mosaic pattern, in the liver (I). Axial contrast computerized tomography (CT) scan (II) of the abdomen shows a partially cystic nodule (maximum
diameter 18 mm) in liver segment V. The arterial phase shows a hyperenhancing lesion (III), the portovenous phase demonstrates typical wash-out in
comparison to surrounding liver tissue (Liver Reporting & Data System (LI-RADS) 4 classification) (IV). b A follow-up ultrasound (I) and contrast CT scan
(II) were performed. The arterial phase CT scan shows a 32mm hyperenhancing lesion with inhomogeneous contrast up-take, threshold growth more than
50%. The portovenous phase demonstrates wash-out and nodule-in-nodule pattern (LI-RADS 5 classification). Arrows highlight the tumor nodules.
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presence of the COSMIC single base substitution signature 16
(SBS16) that has been correlated with alcohol consumption30,31.
This analysis did not find evidence for this signature in the
repertoire of synonymous and non-synonymous mutations
detected in our case (0% FNH, 0.14% HCC1, 0.13% HCC2/
HGDN). Copy number analysis reflected the analysis of coding
mutations; the majority of alterations were shared between all
components, while HCC1 acquired further alterations such as loss
of 1p, and gain of 8q including the MYC locus (Fig. 3c).

Of note, the genomic analysis revealed the peculiarity of these
lesions. We detected no common driver genetic somatic
alterations usually found in HCC or inflammatory hepatocellular
adenomas (IHA), such as mutations in CTNNB1, TP53, AXIN1,
or ARID1A, IL6ST, GNAS, STAT3 neither in the FNH nor in

either HCC components. This suggests the HCC associated with
the FNH, in this case, may have emerged through a unique
tumorigenic process.

We then performed a clonality analysis using all synonymous
and non-synonymous mutations to determine how the FNH is
clonally related to the bona fide HCC components. We found that
all lesions consisted of multiple cell populations (Fig. 3d). A
clonal cell population containing a cluster of mutations was
present in all three components, which included alterations
affecting CBL, ANGPT1, and ATG5 (Fig. 3d). Clones harboring a
cluster of mutations including MYCN and MAP2K4 mutations
were absent from the FNH, and clonal in HCC1, and just below
the threshold in HCC2/HGDN (CCF 0.796) (Fig. 3d). Interest-
ingly, MAP2K4 has been identified as a mutational cancer driver

Fig. 2 Histopathological characterization of the Focal Nodular Hyperplasia (FNH) and Hepatocellular Carcinoma (HCC). a Hematoxylin and eosin
(H&E) staining in the diagnostic biopsy (liver segment 6) shows hyperplastic tissue with dilated bile duct proliferation (scale bar 200 μm; insert 50 μm).
Glutamine synthetase (GS) staining positive was a “map-like” pattern (scale bar 200 μm). b The nodule macroscopically consists of two different
components (scale bar 1 cm). H&E staining of the nodule showed two different HCC components adjoining the FNH nodule (scale bar 500 μm; insert
200 μm). c Histological analysis of FNH showing classical features of FNH, such as nodular formation and fibrous septa with abnormal vessels (scale bar
200 μm; insert 50 μm). GS staining displayed the typical “map-like” pattern consistent with the diagnostic biopsy (scale bar 100 μm; insert 50 μm).
Glypican 3 (GPC3) staining was negative (scale bar 200 μm; insert 50 μm), the reticulin framework was preserved (scale bar 100 μm; insert 50 μm).
d Histological analysis of HCC1 (Edmondson grade II). Steatohepatitic variant HCC with the presence of large-droplet steatosis, with fibrosis and Mallory-
Denk bodies (scale bar 200 μm; insert 50 μm). GS staining showed diffuse positivity (scale bar 200 μm; insert 50 μm) while GPC3 was positive in the
majority of the malignant cells (scale bar 200 μm; insert 50 μm). The tumor showed definitive loss of reticulin (scale bar 100 μm; insert 50 μm).
e Histological analysis of HCC2/HGDN (Edmondson grade I HCC or High-grade dysplastic nodule; HCC2/HGDN). HCC consists of monotonous cell
proliferation in a trabecular pattern (scale bar 100 μm; insert 20 μm). GS staining displayed patchy positivity (scale bar 200 μm;) as well as GPC3 whose
expression was detected in focal areas (scale bar 200 μm; insert 50 μm). Partial loss of the reticulin framework was found in the tumor (scale bar 100 μm;
insert 20 μm).
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in cholangiocarcinoma29,32. The FHN and HCC2/HGDN con-
tained clones with a cluster of mutations including the VAV3 and
VWA1 genes which were not present in HCC1, but present at a
CCF of 0.72 and 0.71 in the FNH and HCC2/HGDN,
respectively. In HCC1, however, cells containing the ADCY4,
ENPP1, and PDZD7 mutations expanded to a CCF of 0.69. These
data demonstrate the clonal relatedness of the FNH and HCC
components, and the divergent evolution of the FNH and the two
HCC components.

Discussion
FNH is considered to be a benign process, resulting from loca-
lized hyperperfusion of the parenchyma due to arterial mal-
formations, which subsequently induces hepatocellular
hyperplasia2. It is thought that FNH has no malignant potential
and is rarely associated with synchronous HCC. Nonetheless, a
few articles in the literature reported patients with synchronous
FNH and HCC without data showing their genetic
relationship4–7. Here we performed a genetic analysis of one FNH
with two associated lesions classified as Edmondson grade I HCC
or high-grade dysplasia and an Edmondson grade II HCC com-
ponents and found that the FNH is composed of multiple clones
at diagnosis. We think our results suggest the FNH likely pro-
gressed to HCC through clonal selection and/or the acquisition of
additional genetic events.

The histological view of FNH nodule consists of numerous foci
of hepatocytes intersected with arteria and bile ductuli-rich
fibrous bands, which is diagnostic for FNH together with the

distinctive “map-like” patchy GS expression of the hepatocytes.
Given the possible morphological similarity of FNH with
inflammatory type hepatocellular adenoma (IHA) in some cases,
we performed additional immunostains (SAA and CPR) to rule
out this alternative diagnosis. The immunostaining revealed
negativity for SAA and partial positivity for CPR. A study per-
formed by Joseph et al. has shown that the SAA expression is
positive in the vast majority of IHA (92.6%) while the CRP
expression was found in 78% of FNH33. The diagnosis of IHA
was then excluded based on these results together with other
morphological features. These observations were further sup-
ported at the genomic level, given the absence of common driver
genetic somatic alterations usually found IHA such as mutations
in CTNNB1, IL6ST, GNAS, and STAT334.

Peritumoral hyperplasia (PTH) is another entity that can
resemble FNH. Arnason et al. described PTH as a hyperplastic
response to increased blood flow in the peritumoral parenchyma.
Its characteristic morphology is a rim of hepatocytes surrounding
the circumference of HCC like a cuff35. In our case, the lesion was
a nodular lesion localized at the neighbor of the tumor, instead of
encircling the HCC. Thus, PTH was not considered for the
diagnosis.

Given its rarity, there is a limited effort to investigate the
genomic features of FNH. Most studies have, so far, focused on
clonal analysis using the HUMARA test and showed poly-
clonality of FNH which supports its reactive hyperplastic rather
than neoplastic nature5,6,36,37. Moreover, three comparative
genomic hybridization studies showed that 14–50% FNHs dis-
played frequent gains and losses at specific chromosome arms

Fig. 3 Genetic characterization of Focal Nodular Hyperplasia (FNH) and two associated Hepatocellular Carcinoma (HCC) components. a Venn diagram
representing the number of somatic mutations detected in each lesion subjected to whole-exome sequencing (WES) (b) Oncoprint of genetic alterations
detected in FNH, and associated HCC components by WES. Alterations are colored according to the legend. Alterations shown are those included in cancer
gene lists (see Supplementary Data 1). c Summary of genome-wide copy number alterations detected by WES. Copy number changes are colored
according to the legend. d Chart showing clonality of selected mutations in each cluster. Size of square denotes cancer cell fraction of cluster.
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such as 1q and 22q7,38,39. Interestingly, Chen et al. failed to
detect common HCC mutations on 11 FNHs with genomic
sequencing of TP53, CTNNB1, AXIN1, and APC which is not
that astonishing considering the fact that—as exemplified by our
case—the molecular mechanism of FNH hepatocarcinogenesis
might be different from the mechanism/s observed in HCCs not
associated with FNH40. Furthermore, two quantitative gene
expression studies showed alteration of angiopoietin expression
levels8,41, supporting the importance of vascular alterations in
the pathogenesis of FNH1.

Autophagy and endocytosis are cellular pathways responsible
for the degradation and recycling of intracellular and extracellular
components, respectively, with a strong role in tumor
promotion42,43. We found that ATG5, a critical regulator of
autophagy, and CBL, a regulator of receptor tyrosine kinases by
endocytosis, were among the genes found mutated in all samples
(FNH and 2 HCC components). Experiments in mice with sys-
temic mosaic deletion of Atg544 or liver-specific Atg5 knock-out28

reported the development of spontaneous benign tumors in the
liver such as FNH as a result of the impairment of autophagy that
led to oxidative DNA damage and hepatocyte proliferation. The
full development of HCC in Atg5-deficient livers required a more
permissive genome with the suppressed expression of tumor
suppressors28. Indeed, a recent study published by Barthet et al.45

showed that loss of ATG5 in the context of hemizygosity of PTEN
in mice causes the development of HCC involving ductular
reaction45. Mechanistically, the authors showed that loss of
autophagy is followed by activation of YAP/TAZ in hepatocytes
leading to its differentiation into biliary-like liver progenitor cells
(ductular reaction) that ultimately lead to HCC.

Interestingly, similarly to our result, a previous study including
7 FNH cases with 1 synchronous HCC reported the loss at
6q11.1-q23 in one of the FNH cases that includes the locus of
ATG57. In our study, we found that the ATG5 mutation (coupled
with LOH of the other allele) was accompanied by the presence of
clonal mutations in MYCN and MAP2K4 in both HCC samples
but these were absent from the FNH. While MYCN is a well-
recognized oncogene in several cancers including HCC46,
MAP2K4 is reported to act as a tumor suppressor in HCC47. The
absence of a common HCC driver alteration affecting CTNNB1,
TP53, or ARID1A47, together with alterations in ATG5 and CBL
and in MYCN and MAP2K4 may point to a unique path of FNH-
associated HCC development.

While several studies have reported co-occurrence of FNH and
HCC4–6,9, to our knowledge this is the first study showing a
clonal relationship between these lesions. Moreover, we found
uncommon genetic alterations in the HCC that might be asso-
ciated with hepatocarcinogenesis in the background underlying
FNH. Importantly, our results suggest in extremely rare cases,
FNH can share some similar genomic alteration with HCC, may
not be absolutely benign and may, albeit rarely, progress to HCC.
Although our results suggest that FNH was a non-obligate pre-
cursor lesion of HCC, another hypothesis is that given that
HGDN and HCC are arterialized lesions, the disrupted local
vascular flow may lead to the development of FNH. We cannot
fully exclude the possibility that the FNH developed in an area of
an HCC precursor that already harbored the genetic alterations.
However, given the clonal frequencies of the observed mutations,
we think it is more likely that the FNH progressed to HCC
through clonal selection.

Current clinical guidelines48 recommend a conservative
approach without any follow-up, treatment should be pursued
only in exceptional cases48. Our results may suggest that further
studies may help pinpoint features of FNHs that indicate
potential for progression thus helping to refine the surveillance
strategy for these lesions.

Reporting summary. Further information on research design is
available in the Nature Research Reporting Summary linked to
this article.

Data availability
Sequencing data are available on the European Genome-Phenome Archive database
under the accession number EGAD00001007702.

Digital pathology images have been deposited on the Zenodo database under the
accession number https://doi.org/10.5281/zenodo.555433749.

Source data for graph in Supplementary Fig. 2b are available in the Supplementary
Data 2 file.

Received: 17 May 2021; Accepted: 21 January 2022;

References
1. Roncalli, M., Sciarra, A. & Tommaso, L. D. Benign hepatocellular nodules of

healthy liver: focal nodular hyperplasia and hepatocellular adenoma. Clin.
Mol. Hepatol. 22, 199–211 (2016).

2. Nahm, C. B., Ng, K., Lockie, P., Samra, J. S. & Hugh, T. J. Focal nodular
hyperplasia–a review of myths and truths. J. Gastrointest. Surg. 15, 2275–2283
(2011).

3. Zucman-Rossi, J., Villanueva, A., Nault, J.-C. & Llovet, J. M. Genetic
Landscape and Biomarkers of Hepatocellular Carcinoma. Gastroenterology
149, 1226–1239.e4 (2015).

4. Koea, J. B. & Yeong, M. L. Focal nodular hyperplasia and hepatocellular
carcinoma: uncommon companions? Pathology 46, 348–350 (2014).

5. Zhang, S.-H., Cong, W.-M. & Wu, M.-C. Focal nodular hyperplasia with
concomitant hepatocellular carcinoma: a case report and clonal analysis. J.
Clin. Pathol. 57, 556–559 (2004).

6. Chen, T. C., Chou, T. B., Ng, K. F., Hsieh, L. L. & Chou, Y. H. Hepatocellular
carcinoma associated with focal nodular hyperplasia. Report of a case with
clonal analysis. Virchows Arch. 438, 408–411 (2001).

7. Kellner, U. et al. Comparative Genomic Hybridization: synchronous
Occurrence of Focal Nodular Hyperplasia and Hepatocellular Carcinoma in
the Same Liver Is Not Based on Common Chromosomal Aberrations. Am. J.
Clin. Pathol. 119, 265–271 (2003).

8. Paradis, V. et al. A quantitative gene expression study suggests a role for
angiopoietins in focal nodular hyperplasia. Gastroenterology 124, 651–659 (2003).

9. Haubert, L., Yearsley, M. & Bloomston, M. Hepatocellular carcinoma arising
within focal nodular hyperplasia. Am. Surg. 76, 335–336 (2010).

10. Nuciforo, S. et al. Organoid Models of Human Liver Cancers Derived from
Tumor Needle Biopsies. Cell Rep. 24, 1363–1376 (2018).

11. Taha-Mehlitz, S. et al. Adenylosuccinate lyase is oncogenic in colorectal cancer
by causing mitochondrial dysfunction and independent activation of NRF2
and mTOR-MYC-axis. Theranostics 11, 4011–4029 (2021).

12. Piscuoglio, S. et al. The Genomic Landscape of Male Breast Cancers. Clin.
Cancer Res. 22, 4045–4056 (2016).

13. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 25, 1754–1760 (2009).

14. Cibulskis, K. et al. Sensitive detection of somatic point mutations in impure
and heterogeneous cancer samples. Nat. Biotechnol. 31, 213–219 (2013).

15. Saunders, C. T. et al. Strelka: accurate somatic small-variant calling from
sequenced tumor-normal sample pairs. Bioinformatics 28, 1811–1817 (2012).

16. Thorvaldsdóttir, H., Robinson, J. T. & Mesirov, J. P. Integrative Genomics
Viewer (IGV): high-performance genomics data visualization and exploration.
Brief. Bioinform. 14, 178–192 (2013).

17. Shen, R. & Seshan, V. E. FACETS: allele-specific copy number and clonal
heterogeneity analysis tool for high-throughput DNA sequencing. Nucleic
Acids Res. 44, e131 (2016).

18. Carter, S. L. et al. Absolute quantification of somatic DNA alterations in
human cancer. Nat. Biotechnol. 30, 413–421 (2012).

19. Rosenthal, R., McGranahan, N., Herrero, J., Taylor, B. S. & Swanton, C.
DeconstructSigs: delineating mutational processes in single tumors
distinguishes DNA repair deficiencies and patterns of carcinoma evolution.
Genome Biol. 17, 31 (2016).

20. Nik-Zainal, S. & Morganella, S. Mutational Signatures in Breast Cancer: the
Problem at the DNA Level. Clin. Cancer Res. 23, 2617–2629 (2017).

21. Popova, T. et al. Ploidy and large-scale genomic instability consistently
identify basal-like breast carcinomas with BRCA1/2 inactivation. Cancer Res.
72, 5454–5462 (2012).

22. Weinreb, I. et al. Hotspot activating PRKD1 somatic mutations in
polymorphous low-grade adenocarcinomas of the salivary glands. Nat. Genet.
46, 1166–1169 (2014).

COMMUNICATIONS MEDICINE | https://doi.org/10.1038/s43856-022-00074-y ARTICLE

COMMUNICATIONS MEDICINE |            (2022) 2:11 | https://doi.org/10.1038/s43856-022-00074-y |www.nature.com/commsmed 7

https://doi.org/10.5281/zenodo.5554337
www.nature.com/commsmed
www.nature.com/commsmed


23. Piscuoglio, S. et al. Massively parallel sequencing of phyllodes tumours of the
breast reveals actionable mutations, and TERT promoter hotspot mutations
and TERT gene amplification as likely drivers of progression. J. Pathol. 238,
508–518 (2016).

24. Livak, K. J. & Schmittgen, T. D. Analysis of Relative Gene Expression Data
Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 25,
402–408 (2001).

25. Gong, C. et al. hTERT Promotes CRC Proliferation and Migration by Recruiting
YBX1 to Increase NRF2 Expression. Front. Cell Dev. Biol. 9, 658101 (2021).

26. Mitchell, D. G., Bruix, J., Sherman, M. & Sirlin, C. B. LI-RADS (Liver Imaging
Reporting and Data System): summary, discussion, and consensus of the LI-
RADS Management Working Group and future directions. Hepatology 61,
1056–1065 (2015).

27. Blum, H. E., Maier, K. P., Rodés, J. & Sauerbruch, T. Liver Diseases: Advances
in Treatment and Prevention. (Springer Science & Business Media, 2004).
https://books.google.com/books/about/Liver_Diseases.html?hl=&id=1YM
OWcDsG8IC.

28. Tian, Y. et al. Autophagy inhibits oxidative stress and tumor suppressors to exert
its dual effect on hepatocarcinogenesis. Cell Death Differ 22, 1025–1034 (2015).

29. Martínez-Jiménez, F. et al. A compendium of mutational cancer driver genes.
Nat. Rev. Cancer 20, 555–572 (2020).

30. Fujimoto, A. et al. Whole-genome mutational landscape and characterization
of noncoding and structural mutations in liver cancer. Nat. Genet. 48,
500–509 (2016).

31. Letouzé, E. et al. Mutational signatures reveal the dynamic interplay of risk
factors and cellular processes during liver tumorigenesis. Nat. Commun. 8,
1315 (2017).

32. Jusakul, A. et al. Whole-Genome and Epigenomic Landscapes of Etiologically
Distinct Subtypes of Cholangiocarcinoma. Cancer Discov. 7, 1116–1135 (2017).

33. Joseph, N. M. et al. Diagnostic utility and limitations of glutamine synthetase
and serum amyloid-associated protein immunohistochemistry in the
distinction of focal nodular hyperplasia and inflammatory hepatocellular
adenoma. Mod. Pathol. 27, 62–72 (2014).

34. Védie, A.-L., Sutter, O., Ziol, M. & Nault, J.-C. Molecular classification of
hepatocellular adenomas: impact on clinical practice. Hepat. Oncol. 5, HEP04
(2018).

35. Arnason, T., Fleming, K. E. & Wanless, I. R. Peritumoral hyperplasia of the
liver: a response to portal vein invasion by hypervascular neoplasms.
Histopathology 62, 458–464 (2013).

36. Gaffey, M. J., Iezzoni, J. C. & Weiss, L. M. Clonal analysis of focal nodular
hyperplasia of the liver. Am. J. Pathol. 148, 1089–1096 (1996).

37. Paradis, V., Laurent, A., Flejou, J., Vidaud, M. & Bedossa, P. Evidence for the
polyclonal nature of focal nodular hyperplasia of the liver by the study of
X-chromosome inactivation. Hepatology 26, 891–895 (1997).

38. Chen, Y.-J. et al. Chromosomal analysis of hepatic adenoma and focal nodular
hyperplasia by comparative genomic hybridization. Genes Chromosomes
Cancer 35, 138–143 (2002).

39. Raidl, M. et al. Multiple chromosomal abnormalities in human liver (pre)
neoplasia. J. Hepatol. 40, 660–668 (2004).

40. Chen, Y.-W., Jeng, Y.-M., Yeh, S.-H. & Chen, P.-J. P53 gene and Wnt
signaling in benign neoplasms: beta-catenin mutations in hepatic adenoma
but not in focal nodular hyperplasia. Hepatology 36, 927–935 (2002).

41. Rebouissou, S., Bioulac-Sage, P. & Zucman-Rossi, J. Molecular pathogenesis of
focal nodular hyperplasia and hepatocellular adenoma. J. Hepatol. 48, 163–170
(2008).

42. Mosesson, Y., Mills, G. B. & Yarden, Y. Derailed endocytosis: an emerging
feature of cancer. Nat. Rev. Cancer 8, 835–850 (2008).

43. Mah, L. Y. & Ryan, K. M. Autophagy and cancer. Cold Spring Harb. Perspect.
Biol. 4, a008821 (2012).

44. Takamura, A. et al. Autophagy-deficient mice develop multiple liver tumors.
Genes Dev. 25, 795–800 (2011).

45. Barthet, V. J. A., et al. Autophagy suppresses the formation of hepatocyte-
derived cancer-initiating ductular progenitor cells in the liver. Sci Adv 7,
eabf9141 (2021).

46. Qin, X.-Y. et al. Prevention of hepatocellular carcinoma by targeting MYCN-
positive liver cancer stem cells with acyclic retinoid. Proc. Natl. Acad. Sci. USA
115, 4969–4974 (2018).

47. Kan, Z. et al. Whole-genome sequencing identifies recurrent mutations in
hepatocellular carcinoma. Genome Res. 23, 1422–1433 (2013).

48. European Association for the Study of the Liver (EASL). EASL Clinical
Practice Guidelines on the management of benign liver tumours. J. Hepatol.
65, 386–398 (2016).

49. Piscuoglio, S. Genomic analysis of focal nodular hyperplasia with associated
hepatocellular carcinoma unveils its malignant potential https://doi.org/
10.5281/ZENODO.5554337 (2021).

Acknowledgements
C.K.Y.N., and S.P. were supported by the Swiss Cancer League (KFS-4543-08-2018, KFS-
4988-02-2020-R, respectively); L.M.T., was supported by AIRC grant number IG 2019
Id.23615. S.P. was supported by the University of Basel (Research Fund Junior
Researchers and Department), by the Krebsliga Beider Basel (KLbB-4473-03-2018), by
the Theron Foundation, Vaduz (LI), by the Surgery Department of the University
Hospital Basel and by the The Prof. Dr. Max Cloëtta foundation. The funders had no role
in study design, data collection, and analysis, decision to publish, or preparation of
the paper.

Author contributions
S.P. and O.K. conceived the study. S.P. supervised the study. J.G and C.K.Y.N. performed
the bioinformatic analysis; C.E., J.V., A.T., M.S.M., L.D.T. and L.M.T. performed the
histopathologic evaluation; L.F., G.F.H., S.T-M., T.B. M-A.M., M.H.K.H., M.vF., M.H.H.,
S.D.S., and O.K. performed the clinical evaluation and surgical procedure on the patient.
C.E., M.C.-L., and M.M. processed the sample for the WES; C.E., M.C-L, J.G., and L.F.
discussed the data and wrote the first draft of the paper that was revised by C.K.Y.N. and
S.P. All authors have read and revised the paper.

Competing interests
M.S.M. has received speaker’s honoraria from Thermo Fisher and honoraria as an
advisory board member from Novartis. The other authors declare no competing
interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s43856-022-00074-y.

Correspondence and requests for materials should be addressed to Salvatore Piscuoglio.

Peer review information Communications Medicine thanks Thomas Bird and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

ARTICLE COMMUNICATIONS MEDICINE | https://doi.org/10.1038/s43856-022-00074-y

8 COMMUNICATIONS MEDICINE |            (2022) 2:11 | https://doi.org/10.1038/s43856-022-00074-y | www.nature.com/commsmed

https://books.google.com/books/about/Liver_Diseases.html?hl=&id=1YMOWcDsG8IC
https://books.google.com/books/about/Liver_Diseases.html?hl=&id=1YMOWcDsG8IC
https://doi.org/10.5281/ZENODO.5554337
https://doi.org/10.5281/ZENODO.5554337
https://doi.org/10.1038/s43856-022-00074-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsmed

	Genomic analysis of focal nodular hyperplasia with associated hepatocellular carcinoma unveils its malignant potential: a case report
	Methods
	Patient
	Immunophenotypic characterization
	DNA extraction and whole-exome sequencing
	Mutational signatures
	PCR amplification, Sanger sequencing, and quantitative real-time PCR
	Clonality analysis

	Results
	Patient information and clinical history
	Pathologic characterization of the lesions
	Genomic characterization reveals clonal evolution of the FNH to HCC

	Discussion
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




