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Simple Summary: Fontan-associated liver disease (FALD) is a late sequela of single ventricle 

palliation. The long-term consequences of Fontan's physiology have a spectrum of outcomes 

resulting in chronic hepatic venous congestion, liver cirrhosis, hyperplastic nodules, and liver 

neoplasms both benign, such as liver adenoma, and malignant including hepatocellular carcinoma 

(HCC) and cholangiocarcinoma (CC). To date, genetic and molecular studies of HCC/CC contextual 

to FALD are lacking. Since HCC/CC are heterogeneous diseases, we focused our study on the 

molecular profile of HCC/CC arising against the background of FALD with the aim of identifying 

within this subgroup recurrent variables, such as genetic alterations or gene expression, which could 

be predictive of clinical outcomes such as treatment response, overall survival, and recurrence rate. 

Abstract: Purpose: To analyze the genetic and molecular profile of liver nodules in the context of 

Fontan-associated liver disease (FALD) with the aim of identifying possible biomarkers for 

predictive outcome and personalized therapy. Methods: this retrospective monocentric study 

included 9 patients who developed FALD in the context of congestive cirrhosis:1 regenerative 

nodular hyperplasia, 2 hepatic adenomas (HA) and 4 hepatocellular carcinoma (HCC), 1 

fibrolamellar carcinoma (FLC) and 1 intrahepatic cholangiocarcinoma (ICC). The lesions were 

analyzed by histology and immunohistochemistry (b-catenin, glypican 3, glutamine synthetase and 

SOX9). To study the molecular profile of neoplastic FALD, targeted NGS was performed on DNA 

and RNA from formalin-fixed paraffin embedded neoplastic liver tissue of 1 HA, 2 HCCs, 1 FLC 

and 1 ICC. Results: Molecular analysis showed 3 patients with copy number alteration involving 

FGFR3, and one patient with a hotspot mutation on CTNNB1 and NRAS genes. All 5 patients 

showed a tumor mutational burden ranging from low to intermediate. Variants of unknown 

significance in GNAS were present in 2 HCC and 1 ICC. The single FLC had a DNAJB1-PRKACA 
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fusion. Conclusions: The molecular results seem to be consistent with a peculiar molecular profile 

of the malignant FALD which may be useful for new target therapies for HCC/ICC in FALD. 

Keywords: FALD; hepatocellular carcinoma; cholangiocarcinoma; NGS; FGFRs genes; GNAS and 

TMB 

 

1. Introduction 

Patients with congenital univentricular heart undergoing the Fontan procedure (FP) are at high 

risk of liver disease. In these patients, chronically elevated right atrial pressure and tissue hypoxia 

may predispose to the development of hepatic masses, encompassed under the acronym FALD 

(Fontan-associated liver disease) and ranging from focal nodular hyperplasia (FNH)-like nodules and 

benign tumor as hepatic adenoma (HA) to malignant lesions including hepatocellular carcinoma 

(HCC) and intrahepatic cholangiocarcinoma (ICC) [1]. Cirrhosis, a potential prerequisite for HCC, 

may develop before the age of 25, approximately 10 to 15 years after Fontan operation. The incidence 

of cancer of 1.5 to 5% per year is estimated on the basis of previous studies [2–4].  

The etiology of neoplastic lesions, in particular of malignancies, is probably multifactorial: an 

underlying genetic predisposition, the presence of risk factors (aging, virus infections, alcohol 

assumption, steatosis), the abnormal physiology of chronically elevated central venous pressures. 

However, genetic and molecular studies of malignancy in the setting of FALD are lacking to date [5]. 

The purpose of this study is to investigate the genetic and molecular profile of histologically 

proven hepatic lesions in a monocentric series of FALD in order to explore potential driver genes and 

the major dysregulated signaling pathways involved in the development of different types of lesions 

and identify possible biomarkers important for diagnostic and therapeutic purposes. 

2. Methods 

2.1. Case selection 

Our institutional review board approved this single-institution retrospective review and waived 

the requirement for informed consent. Between January 1, 1990 and December, 2022, the Cardiac 

Surgery Department at Bambino Gesù Children's medical records were reviewed and 450 children, 

undergoing FP for palliative correction of congenital univentricular heart, were identified: 208 were 

over 18 years of age in 2022, with an average age of 28 years and a follow-up of 22 years after Fontan's 

operation. Most patients, 127/208 (61%), had no liver nodules during follow-up (performed with both 

imaging and alpha-fetoprotein serology - AFP-, equally negative); 50/208 (24%) patients had one 

nodule <1 cm in diameter which were followed up, but not biopsied, because AFP was low and their 

size did not change over time. However, an ultrasound examination of the liver was performed every 

6 months. Finally, 31/208 (15%) patients had nodule/s >1 cm. Then, by reviewing the Pathology 

medical record, we identified all the patients with a history of FP who had undergone biopsy and/or 

resection of one or more focal liver lesions. Seven/208 (3%) with hepatic nodules were submitted to a 

histological examination. Other 5/208 (2%) patients received a liver biopsy to evaluate the fibrosis 

and architectural remodeling after FP. We have limited this report to lesions diagnosed on the basis 

of histopathologic sampling, as we made genetic/molecular analysis on hepatic tissue. Two patients 

were excluded from the study because the nodules were strongly suspicious for HCC on imaging, 

and the patients underwent chemoembolization without histological confirmation Interestingly, liver 

lesions in this population may have atypical imaging features that can lead to misdiagnosis [6]. 

Medical records were reviewed for: sex (3/7 patients were female), age at FP, type of congenital 

heart disease (CHD), type of FP (1 patient had a lateral tunnel Fontan pathway and the remaining 6 

had an extracardiac Fontan pathway), age at FALD (median age at the time of liver biopsy was 26 

years, range: 20 years -34 years), interval from Fontan operation to biopsy (20 years, range: 10-28 

years), lesion histopathologic diagnosis, AFP values closest prior to biopsy and follow-up (all data 

are summarized in Table 1). 
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Table 1. 

Patient M/F 
Age at 

FP (y) 
CHD 

Type of 

Fontan 

Age at 

FALD 

(y) 

Interval 

Fontan-

FALD (y) 

Serum 

AFP 
Prognosis/death 

P1 F 4 

Complete 

AVC - RV 

dominant 

Extra-

cardiac 
20 16 

2,43 

ng/mL 

Alive 

HTx 2019 

P2 F 3 TVA-PA 
Extra-

cardiac 
22 22 

11.458 

ng/mL 

† (6m post 

FALD) 

P3 M 2 
DILV and 

TGA 

Extra-

cardiac 

18 

22 

16* 

20** 

**447,8 

ng/mL 

Alive 

HTx 2014 

P4 F 6 
TVA-TGA-

PSt 

Extra-

cardiac 
34 28 

3005 

ng/mL 

† (1y post 

FALD) 

P5 M 8 
PA with 

intact IS 

Extra-

cardiac 
32 16 

9.43 

ng/mL 
Alive 

2.2. Histology 

Liver biopsy or surgical sample were formalin-fixed and paraffin-embedded. Hematoxilin-Eosin 

(HE) and Masson’s trichrome stains to assess fibrosis were routinely made. Immunohistochemistry 

(IHC) with anti-β-catenin (Novocastra, NCL-L-B-CAT, 1:150 for 30 minutes), anti-glutamine 

syntetase (GS-6, Millipore, MAB302, 1:400 for 25 minutes), anti-glypican3 (Gly3, BioMosaics, B0025R, 

B0055R, 1:1000 for 30 minutes), anti-liver fatty acid bending protein (LFABP, Abcam, ab 7807, 1:100 

for 30 minutes) and anti-SOX9 (Cell Signaling Technology, #82630, 1:100 for 30 minutes) were 

performed with Dako Omnis, Agilent Technology (Denmark). 

2.3. DNA mutational analysis  

DNA was extracted from formalin-fixed and paraffin-embedded (FFPE) tumor tissue and non-

lesional adjacent liver tissue using Maxwell CSC instrument (Promega, Madison, USA) with the 

Maxwell RSC DNA FFPE kit (Promega, Madison, USA) according to the manufacturer’s protocol; 

DNA concentrations were measured on a Qubit 2.0 Fluorometer (Thermofisher Scientific, Waltham, 

USA) using the Qubit dsDNA High Sensitivity. 

For DNA library preparation and enrichment, the TruSight™ Oncology 500 Kit (Illumina) was 

used following the manufacturer’s instructions. Post-enriched libraries were quantified, pooled, and 

sequenced on a NextSeq 550 (Illumina Inc., San Diego, CA, USA). The quality of the NextSeq 550 

(Illumina) sequencing runs was assessed with the Illumina Sequencing Analysis Viewer (Illumina). 

NGS data was analyzed with Illumina TruSight Oncology 500 Local App v2.1 and for interpretation 

and reporting, variant report files can be uploaded into the Pierian Clinical Genomics Workspace 

cloud (Pierian DX software CGW_V6.21.1). 

2.4. RNA sequencing and analysis 

RNA was extracted from FFPE tumor tissue using Maxwell CSC instrument (Promega, Madison, 

USA) with the Maxwell RSC RNA FFPE kit (Promega, Madison, USA) according to the 

manufacturer’s protocol; RNA concentrations were measured on a Qubit 2.0 Fluorometer 

(Thermofisher Scientific, Waltham, USA) using the Qubit RNA High and quality and quantity of 

RNA samples was ascertained with the use of Agilent 2200 Tapestation system (Agilent 

Technologies). Mean RNA integrity number (RIN) was 5.2 (range 3.0 to 6.9).  

In order to identify genomic rearrangement, 300 nanograms of total RNA were used for NGS 

library preparation with SureSelect XT HS2 kit (Agilent Technologies) following the manufacturer's 

instructions. The sequencing run was performed in paired-end mode (2 X 151-bp reads) using the 

Illumina NextSeQ 550 platform and generating at least 30 million reads per sample. The resulting 

alignment files were then used by the STAR-Fusion and Arriba pipelines to identify any candidate 

fusion transcripts [7,8]. 
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3. Results 

Seven patients underwent biopsy/surgical resection. One patient had multiple lesions targeted 

for biopsy with a total number of 9 nodules examined. Two patients with biopsied liver lesions 

subsequently underwent heart transplantation (HTx), 1 month and 2 years later, respectively. In 

addition, one of these patients also developed a subsequent lesion biopsied 5 years after HTx, 

probably as a result of earlier Fontan circulation even after HTx [9,10].  

Non-lesional tissue was present in all but one cases and analyzed in pairs with neoplastic tissue. 

Biopsy of background (non-lesional) liver tissue showed changes consistent with Fontan 

pathophysiology in all cases, including sinusoidal dilatation with portal and pericentral fibrosis 

(Figure 1a). One of the seven lesions was a nodular regenerative hyperplasia (NRH). Two lesions 

were hepatocellular adenomas (HA), one of the inflammatory subtype and one of the hepatocyte 

nuclear factor 1α [HNF1α] inactivated subtype (Figure 1b). Four malignancies included a 

fibrolamellar carcinoma (FLC) (Figure 1c) 2 trabecular HCC (Figure 1d) and an intrahepatic 

cholangiocarcinoma (ICC, Figure 1e) with an adjacent area of focal nodular hyperplasia, (Figure 1f). 

in a patient with a previous RNH (7y before). FLC was composed of large polygonal cells with 

abundant eosinophilic cytoplasm, large vesicular nuclei, and large nucleoli in association with 

lamellar bands of fibrosis. In addition, an unusual appearance of nests of neoplastic hepatocytes or 

hepatocytes in a lace-like pattern were embedded in an abundant background of extracellular myxoid 

matrix. The 2 HCC were well to moderately differentiated carcinomas with a classic trabecular 

pattern. 

 

Figure 1. 1a. Non-lesional liver: sinusoidal dilatation, HE, 5x; 1b. Hepatic adenoma HNF1a-linked: 

portal tract absence and steatosis. On the left non-lesional liver. HE, 2x; 1c. FLC with unusual myxoid 

areas: neoplastic cells are embedded into a myxoid background, HE, 10x; 1d. Trabecular 
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hepatocellular carcinoma: moderately differentiated clear cells HCC, HE, 40x; 1e Intrahepatic 

cholangiocarcinoma: adenocarcinoma with variable morphological aspects of tubular structures and 

acini formation formed by columnar to cuboidal epithelial cells, which resemble biliary epithelial 

cells, HE, 5x; 1f. Focal nodular hyperplasia: central scar with arterial wall remodeling from intimal 

hyperplasia, HE 2x. 

Immunohistochemically, β-catenin was negative for nuclear accumulation in all cases. 

Glypican3 and GS were negative in HAs and in FLC, but diffusely positive in both trabecular HCC. 

SOX9 was multifocally positive only in trabecular HCC. The neoplastic cells in HNF1a-HA as in FLC 

were negative for LFABP, while its expression was preserved in inflammatory HA and trabecular 

HCCs.  

A total of 19 single nucleotide variants (SNV) and 3 copy number variations (CNV) from 500 

genes were identified in 5 samples. The most commonly altered genes in our cohort were FGFRs: 1/1 

ICC (P3) and 2/3 HCCs (P1 and 2) showed loss of one copy of the FGFR3 gene, one of this HCC (P2) 

showed in addition a FGFR2 variant. Furthermore, the same patients (P1 to 3) showed variant on 

GNAS. 1 HCC (P4) showed a hotspot mutation on CTNNB1 and NRAS; the only ICC (P3) displayed 

a variant of unknown significance (VUS) on CTNNB1. 

TMB was usually low (TMB < 5) and only one case showed an intermediate TMB (TMB ranging 

from 5 to 10). 

The non-lesional liver displayed similar genomic profile of tumor tissue in two cases (P2 and 3); 

only one case (P1) had a non-lesional tissue profile without CNVs or variants. DNA from non-lesional 

tissue in P4 and P5 were not available.  

RNA sequencing, performed in 4 cases, P1 to 3 and P5 (1 FLC, 1 HCC, 1 ICC, 1 HA), identified 

DNAJB1-PRKACA in-frame fusion in FLC. RNA was not available in the P4 case. One NRH and the 

inflammatory HA were not included in the molecular study. Table 2 summarizes the molecular 

results. 

Table 2. Molecular data. 

  P1 FLC 

P1 

nonlesional 

tissue 

P2 HCC 

P2 

nonlesional 

tissue 

P3 CC 

P3 

nonlesional 

tissue 

P4 HCC 

P5 

Adenom

a 

DNA Analysis 

TMB 3.9 0.8 7.8 5.5 3.9 3.1 0.8 3.1 

MSI 3.30% 2.50% 1.90% 0.00% 1.10% 1.90% 0.90% 5% 

CNV 
FGFR3 1 

allele loss 
none  

FGFR3 1 

allele loss 

FGFR3 1 allele 

loss 

FGFR3 1 

allele loss 

FGFR3 1 allele 

loss 
none none 

variants 

GNAS:  

c.1299A>G; 

p.Q371R 

(VAF 3%)  

wt 

FGFR2: 

c.1127A>G; 

p.Y376C 

(VAF 6%) 

FGFR2: 

c.1127A>G; 

p.Y376C 

(VAF 13%) 

LRP1B: 

c.9482dupA; 

p.D3161EfsX

15 (VAF 7%) 

LRP1B: 

c.9482dupA; 

p.D3161EfsX1

5 (VAF 6%) 

CTNNB

1: 

c.110C>

T; 

p.S37F  

(VAF: 

12%) 

HNF1A: 

c.489C>

A; 

p.Y163X 

(VAF 

39%) 

RASA1: 

c.2708G>C; 

p.R903P  

(VAF 11%) 

wt 

GNAS:  

c.1531C>T; 

p.R511C  

(VAF 57%) 

GNAS:  

c.1531C>T; 

p.R511C  

(VAF 57%) 

CTNNB1: 

c.569G>A; 

p.R190H  

(VAF 21%) 

CTNNB1: 

c.569G>A; 

p.R190H  

(VAF 21%) 

NRAS: 

c.182A>

G; 

p.Q61R 

(VAF: 

12%) 

MSH3: 

c.2623G>

A; 

p.D875N 

(VAF 

44%) 

MAP2K2: 

c.142G>C; 

p.E48K 

(VAF 19%) 

wt 

MSH3: 

c.302delT; 

p.V101EfsX25 

(VAF 6%) 

wt 

KDM6A: 

c.2689C>G; 

p.L897V  

(VAF 99%) 

KDM6A: 

c.2689C>G; 

p.L897V  

(VAF 99%) 

NOTCH

1: 

c.4843A

>T; 

p.M1615

L 
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(VAF:48.

1%) + 

c.3739C

>T; 

p.Q1247

X 

(VAF:47

%) 

    

ATRX: 

c.3634_3636d

elGAT; 

p.D1212del 

(VAF 37%) 

ATRX: 

c.3634_3636del

GAT; 

p.D1212del 

(VAF 40%) 

GNAS:  

c.1299A>G; 

p.Q371R  

(VAF 24.9%) 

GNAS: 

c.1299A>G; 

p.Q371R  

(VAF 25%) 

    

    

PALB2: 

c.3103A>G; 

p.I1035V 

(VAF 43%) 

PALB2: 

c.3103A>G; 

p.I1035V  

(VAF 52%) 

RANBP2: 

c.7216G>A; 

p.A2406T  

(VAF 10%) 

RANBP2: 

c.7216G>A; 

p.A2406T  

(VAF 10%) 

    

RNA Analysis 

Fusion 

genes 

DNAJB1-

PRKACA 
negative negative not analyzed negative not analyzed 

not 

availabl

e 

negative 

4. Discussion 

Routine screening for liver disease in Fontan patients remains a challenge. Noninvasive 

measurements of the hepatic function do not show abnormalities until advanced stages of hepatic 

fibrosis. Determining which lesions are potentially benign, reactive or malignant is one of the 

difficulties in FALD evaluation. Liver tumors develop approximately 10 to 20 years after FP, 

frequently in a cirrhotic background and with elevated AFP. 

In the present cohort of 208 univentricular heart submitted to FP, 6 neoplastic nodules were 

identified, with a biopsy performed only in 5. The histologic diagnosis of HA (1), FLC (1), HCC (2) 

and ICC (1) confirmed the heterogeneity of tumors arising in FALD, although all occurred in the 

context of a cirrhotic background. In all HCC and ICC immunostaining for β-catenin was negative 

(absence of nuclear accumulation). GS, Glypican3 and SOX9 were negative in FLC and focal or 

diffusely positive in trabecular HCC. CTNNB1 point mutation in exon 3 was present in one trabecular 

HCC, in line with the reported mutation rate of 35% in HCC outside the context of FALD [11]. FGFR3 

allele loss was detected in 2 HCCs as well as in 1 ICC, although this loss did not lead to lack of FGFR3 

expression. The only identification in FGFR3 copy number alteration does not exclude the possibility 

of a gross loss of a chromosomal region containing important genes. No variants in either TERT 

promoter or TP53 were identified in the HCCs as well as no TP53, CDKN2A/B, KRAS, ARID1A and 

IDH1 variations or FGFR2 fusion were present in the ICC. 

Fibroblast growth factors (FGFs) in the liver have been shown to promote regeneration. 

Fibroblast growth factors bind to distinct receptors mediating different effects. Overall, 

overexpression of FGF receptors (FGFRs) seems to drive HCC development and progression [12]. 

While FGFR3 amplification has been reported in HCC and plays an important role in HCC 

development and progression and FGFR3 expression is elevated in human cirrhotic livers, the allele 

loss in 2 HCC and 1 CC in FALD is intriguing and deserves further investigation. Although in one 

case RNAseq demonstrated reduction of FGFR3 expression, it is difficult to know if loss of one allele 

plays a role in the pathogenesis. However, the recurrence of the alteration in 3 cases may be 

significant in terms of molecular alterations potentially predisposing to tumor development, 

especially because it was also identified in non-tumor tissue. 

It may be speculated that hypoxic damage, related to the type of surgery, may cause FGFR3 

variants, or also the fusion, being these areas of DNA fragility in hepatocytic precursors. This is also 

supported by experimental models in mouse. The functional role of FGFR3 and its isoforms has not 

yet been investigated in the context of hepatic fibrosis. To elucidate the significance of FGFR3 allele 
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loss in 2 HCC and 1 ICC, it might be important to consider the cytoprotective function of FGFR3 in 

hepatocytes. Experimentally, mice lacking FGFR3 showed increased liver necrosis, particularly in 

response to CCl4 treatment, and enhanced fibrosis. Furthermore, FGFR3 in hepatocytes can directly 

limit fibrosis by suppressing the expression of pro-fibrotic molecules, such as Loxl4 and Tff3, which 

were expressed at higher levels in the hepatocytes of Alb-R3 mice [13]. Thus, we could hypothesize 

that the loss of FGFR3 may be related to the cirrhotic background rather than to the neoplastic 

transformation in our cases. 

Another common alteration in our series was GNAS variants. The GNAS gene encodes the alpha-

subunit of the stimulatory G protein, which regulates neurotransmitters and many hormones 

through generating cAMP. Even if GNAS mutations are highly associated with McCune-Albright 

syndrome, GNAS-activating mutations have been reported also in a subgroup of inflammatory liver 

adenoma and seldom in HCC with signal transducer and activator of transcription 3 (STAT3) 

activation [14]. Besides, GNAS-activating mutations seem to be associated with a fibrotic pattern of 

tumors [15]. A congestive and fibrotic remodeling was present in all cases but only three patients 

showed variant of uncertain significance (VUS) on GNAS. The role of GNAS variants in the 

fibrogenesis of these lesions needs to be further investigated.  

HCCs have generally low (<5muts/Mb) TMB and very rarely are hypermutated [16]. Tumor 

mutation burden (TMB) is an emerging biomarker that is also predictive of response to immune 

checkpoint inhibitors and patient with higher TMB were more likely to get benefits from 

immunotherapy. TMB (total number of somatic nonsynonymous mutations present in the coding 

region expressed as mutations per megabase in a tumor – muts/Mb) [17] is currently graduated as 

low, intermediate, and high. Many genomic alterations have been found associated to different TMB, 

though there is no single oncogenic driver mutation in the majority of HCCs. In our cohort 1 

trabecular HCC presented intermediate (7.8/Mb) TMB and the patient presented a rapid progression 

of the tumor and died 1 year after the diagnosis.  

Interestingly, a FLC with the pathognomonic recurrent fusion transcript DNAJB1-PRKACA, 

absent in adjacent non-neoplastic liver tissue, was identified in the current series. As far as we know, 

this is the first FLC reported in FALD. Whether this is a mere coincidence or whether the fusion could 

be related to the potential role of hypoxic factors and other injuries is debatable. 

5. Conclusion 

The Fontan procedure promotes a congestive condition in the liver, therefore HCC/ICC in this 

context may have peculiar histological, immunohistochemical and molecular characteristics and 

cannot be treated using the same protocols as post-viral infection, alcohol abuse or of NASH-related 

HCC [18]. Despite the limited number of cases, our series supports the possibility that these tumors 

show peculiar and unique characteristics, especially in malignancies and highlight the need for a liver 

biopsy in case of suspicious imaging.  

More in-depth investigations into the pathophysiology of FALD are desirable to define a new 

targeted therapeutic approach in the context of prospective multicenter studies. 
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