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Abstract

Familial adenomatous polyposis (FAP) is an autosomal dominant syndrome caused by a germline mutation in the adeno-
matous polyposis coli (APC) gene, characterized by numerous colorectal adenomas. In addition, FAP patients may develop
extraintestinal manifestations. Several cases of hepatocellular adenomas (HCA) detected accidentally in FAP patients have
raised the so-far unsolved question of whether they represent a specific manifestation of FAP or a mere coincidence. To
investigate the incidence of liver tumors in FAP patients, we analyzed our diagnostic database from 1991 to 2021. Among
the 58 hepatic mass lesions identified, five HCAs occurring in three patients with FAP were identified, and comprehensive
morphological, immunohistological, and molecular analysis employing targeted next-generation sequencing was conducted
for characterization. The HCAs in this study showed no cytological or histological atypia. They displayed a diffuse, strong
positivity for glutamine synthetase but no nuclear beta-catenin immunostaining. In two patients, the adenomas showed
moderate immunoreactivity against serum amyloid A. Consistent with the diagnosis of FAP, molecular profiling revealed
a pathogenic germline mutation of the APC gene in all analyzed adenomas as well as deleterious somatic second hits. All
somatic mutations were localized between codons 1345 and 1577. No mutations were found in the catenin beta 1 gene. HCA
in FAP patients can be a specific, although rare, neoplastic manifestation of this inborn disease and represents a distinct
subgroup of HCAs. These benign tumors represent an important differential diagnosis for hepatic metastases in FAP patients
and require adequate clinical and molecular (diagnostic) assessments for optimal patient guidance.
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adenomatosis [5]. Different subtypes of HCA with dis-
tinct biological behavior, therapeutic need, and prognosis
can be distinguished histologically, immunohistologically,
and by molecular analyses [1, 6]. Hepatic nuclear factor 1
alpha (HNF1A)-inactivated HCAs account for 30-35% of
all HCAs and are typically characterized by diffuse stea-
tosis and loss of liver fatty-acid binding protein (LFABP)
expression. Inflammatory HCAs display inflammatory foci,
sinusoidal dilatation, ductular reaction, and diffuse positivity
for C-reactive protein (CRP) and serum amyloid A (SAA).
They represent 35-40% of HCAs. The third major subtype,
with 20-25%, is beta-catenin-activated HCA. These tumors
often show pseudoglandular growth patterns and cytologi-
cal atypia, feature activating mutations of the catenin beta 1
(CTNNBI) gene, and depending on the mutation type, dif-
ferent patterns of overexpression of glutamine synthetase
(GS) [7, 8]. About 10% of inflammatory HCAs may also
exhibit a mutation in the CTNNBI gene and are referred to
as beta-catenin-activated inflammatory HCAs [1]. Recently,
a new subtype of HCA was described, which represents ca.
4% of HCAs, which are associated with obesity and bleed-
ing risk, are defined by the activation of the sonic hedgehog
signaling pathway, and are due to the fusion of the inhibin
subunit beta E and glioma-associated oncogene 1 (GLI1)
genes [9]. About 5% of HCAs cannot be subtyped according
to morphomolecular characteristics, so far [10].

Familial adenomatous polyposis (FAP) is an autoso-
mal dominant syndrome caused by a germline mutation
in the adenomatous polyposis coli (APC) gene [11]. The
disease is characterized by numerous (> 100) colorec-
tal adenomas, developing during childhood and adoles-
cence [12—14]. Few of these polyps progress through the

adenoma-adenocarcinoma sequence, resulting in a cumula-
tive lifetime risk of colorectal adenocarcinoma of almost
100% [15].

In addition, extraintestinal manifestations may occur
in FAP patients [16]. Approximately 10% of the patients
develop desmoid tumors [17]. Benign tumors, such as
osteomas or odontomas, are also commonly observed [14].
Hepatoblastomas can also be associated with FAP [18, 19].
Infrequently, HCAs were also reported in FAP patients. So
far, nine such cases of HCAs in FAP patients have been
described in the scientific literature, and it has remained
unclear whether they represent a specific manifestation of
FAP or a mere coincidence (Table 1) [1, 20-27]. Typically,
these tumors are asymptomatic, detected incidentally, and
diagnosed in staging or follow-up diagnostics due to colo-
rectal cancer. Here, we performed comprehensive morpho-
logical, immunohistological, and molecular analyses which
describe a peculiar subgroup of HCA as a rare, specific
manifestation of FAP.

Methods
Patient and samples

To investigate the incidence of liver tumors in patients with
FAP, we analyzed our database at the Institute of Pathology
from 1991 to 2021 using the following keywords: familial
adenomatous polyposis, FAP, liver, hepatocellular, HCA,
and HCC. In this time period, material from 1454 FAP
patients was sent to the Institute of Pathology of Heidel-
berg University Hospital. Of these, 58 samples represented

Table 1 Reported cases of FAP-associated hepatocellular adenomas. The table contains clinical, pathological, and molecular pathological infor-
mation about the previously reported, and in this study discussed HCA cases in FAP patients

Agelsex Site Multiplicity Subtype APC germline APC somatic Reference

mutation (codon)  mutation (codon)
2F Right lobe Solitary - 1451 - Bala et al. 1997 [20]
20/F Left lobe Multiple - - - Nakao et al. 2000 [21]
37/F Right lobe Solitary H-HCA 1062 - Jeannot et al. 2006 [23]
27/M Left lobe Solitary - - - Okamura et al. 2009 [24]
25/M Left lobe Solitary H-HCA - - Toiyama et al. 2011 [25]
29/F Right lobe Solitary HCA-NOS 499 - Inaba et al. 2012 [26]
M S5/6 Solitary I-HCA - - Bioulac-Sage et al. 2013 [1]
37/F - >10 B-HCA - - Crimi et al. 2018 [27]
22/F S4b Solitary I-HCA 1156 1517 Blaker et al. 2004/patient 2 [22]
57M Right lobe (S6) Solitary B-HCA/I-HCA 1465 1345 Patient 3
25/M S4b Multiple HCA-NOS 1306 1544 Patient 1/sample 2/HCA 1
25/M S3 Multiple HCA-NOS 1306 1566 Patient 1/sample 3/HCA 2
25/M S7 Multiple HCA-NOS 1306 1577 Patient 1/sample 4/HCA 3

F, female; M, male; H-HCA, HNF1A-inactivated hepatocellular adenoma; B-HCA, beta-catenin-activated hepatocellular adenoma; I-HCA,

inflammatory hepatocellular adenoma; HCA-NOS, hepatocellular adenoma not otherwise specified
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a hepatic mass, of which 46 were found to be metastases
of a colorectal-type adenocarcinoma, five were infiltrates
of a pancreatobiliary adenocarcinoma, and one patient had
acute myeloid leukemia. Furthermore, one patient had a bil-
iary microhamartoma (von Meyenburg complex), and two
patients had focal nodular hyperplasia (FNH); the latter were
excluded from further analysis as FNHs are not considered
as true neoplasms. Three additional patients (patients 1, 2,
and 3) presented with liver tumors that were histologically
identified as HCAs. Formalin-fixed and paraffin-embedded
(FFPE) material of three HCAs, the primary colorectal
adenocarcinoma and a tumor-free lymph node of patient 1,
as well as FFPE material of the HCAs of patients 2 and 3,
were analyzed via immunohistochemistry and targeted next-
generation sequencing. The second patient has already been
reported, but results from comprehensive molecular profiling
were lacking [22].

Immunohistochemistry

Three-micrometer-thick sections were cut from paraffin
blocks containing tumor tissue and surrounding normal
liver tissue using a microtome. After deparaffinization and
rehydration, the samples were pre-treated with Cell Condi-
tioning Solution (Ultra CC1; Ventana, Oro Valley, USA) for
32-48 min (SAA, LFABP, and GS: 32 min; beta-catenin:
40 min; and CRP: 48 min). Immunohistochemical stainings
were carried out using an automated slide stainer (Bench-
Mark Ultra system; Roche, Basel, Switzerland) using the
following dilutions: SAA—1:200; LFABP—1:1000; and GS
and beta-catenin—ready-to-use. The list of antibodies used
in the study is provided in Supplementary Table 1.

Hybrid capture-based panel sequencing

Patient and sample characteristics are summarized in Sup-
plementary Table 2. DNA was extracted using a Maxwell
16 Research System (Promega, Madison, USA), followed by
quantification using the QuBit 2.0 DNA High Sensitivity Kit
(Thermo Fisher Scientific, Waltham, USA). Library prepara-
tion for the capture-based TruSight Oncology 500 (TSO500)
panel (Illumina, San Diego, USA) was performed as previ-
ously described [28]. The panel covers all exonic regions of
more than 500 genes including APC and CTNNBI. DNA
integrity was assessed using the Genomic DNA ScreenTape
Analysis on a 4150 TapeStation System (Agilent, Santa
Clara, USA). To fragment DNA to a length of 90-250 bp,
80 ng of DNA was sheared for 50-78 s using an ME220
Focused-Ultrasonicator (Covaris, Woburn, USA). Following
the target capture and purification steps, enriched libraries
were amplified by 15 cycles of PCR and subsequently qual-
ity controlled using the KAPA SYBR Library Quantifica-
tion Kit (Thermo Fisher Scientific) on a StepOnePlus gPCR

system (Thermo Fisher Scientific). Libraries were sequenced
on a NextSeq 500 instrument (Illumina) to a mean coverage
of X 1096 using a high-output cartridge and v2 chemistry.
All assays were performed according to the manufacturer’s
protocols.

Processing of raw sequencing data and variant calling was
carried out using the TSO500 Local App (version 1.3.0.39).
The called variants were verified by visual inspection in
the Integrative Genomics Viewer [29]. Only variants with
an allele frequency above 2% and a minimum coverage of
greater than X 100 were considered [30].

Results

Patient 1—a 25-year-old male—had 16 intrahepatic nodules,
ranging from 0.2 to 2.5 cm in diameter. He was diagnosed
with colorectal carcinoma half a year prior to the identifica-
tion of the liver nodules, which were found during follow-up
and were suspected radiologically to be metastases of the
colorectal carcinoma. For patient 1, no metabolic syndrome
or anabolic steroid abuse was reported. The patient had the
following medications at the time of the HCA diagnosis:
pantoprazole, Imodium, and metamizole. Patient 2 (22-year-
old female) and patient 3 (57-year-old male) presented with
a solitary 5.5 cm and 4 cm hepatic mass, respectively. Both
of the patients underwent a restorative proctocolectomy
before the development of colorectal carcinoma. Patient 2
was assumed to have a benign hepatic lesion, which was
verified to be a HCA intraoperatively during the procto-
colectomy. The HCA of patient 3 was first identified at the
age of 42 (15 years after the proctocolectomy) and resected
at the age of 57. There was no available data about oral
contraceptive use or serum CRP levels for patient 2. Patient
3 had no anabolic steroid abuse. He only had substitution
therapy with L-thyroxin after a thyroidectomy. His serum
CRP level was not elevated.

On gross examination, the lesions were soft, circum-
scribed, and tan-colored (Fig. 1). Microscopically, the
tumors were not encapsulated and displayed a trabecular
growth pattern consisting of one- to two-cell-wide hepato-
cellular plates. The detailed pathomorphological findings
are listed in Supplementary Table 3. According to the histo-
logical criteria, all lesions were classified as HCAs (accord-
ingly, adenomatosis in patient 1). The tumor cells showed no
significant cytological atypia. HCAs of patient 1 displayed
micro- and macrovesicular steatosis in approximately 60%
of the tumor cells, while HCAs of the other two patients
showed significant intratumoral inflammation and sinusoidal
dilatation.

The immunohistological stains showed a diffuse, strong
positivity of GS in all tumors (Fig. 2). Beta-catenin immu-
nostaining displayed diffuse membranous but no nuclear
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Fig. 1 Macroscopic findings of FAP-associated HCAs. Macroscopic
examination of the surgical specimen (segment 3) from patient 1
revealed a subcapsular, well-circumscribed, 2.5 cm lesion with a tan-
colored surface without hemorrhage or necrosis. Dashed line: border
between HCA and surrounding normal liver tissue

positivity, and there was no loss of LFABP expression in
the lesions compared to the surrounding liver parenchyma.
HCAs in the second and third cases showed specific immu-
noreactivity for SAA, while tumors in the first patient were
negative for SAA.

Molecular profiling of three separate liver nodules, the
primary adenocarcinoma of the rectum, and a tumor-free
lymph node from patient 1 identified a pathogenic germline
mutation in the APC gene and different deleterious somatic
mutations in the colorectal adenocarcinoma and the liver
nodules (Fig. 3). Molecular characterization of the HCAs
from patients 2 and 3 also showed loss-of-function mutations
in the APC gene. Furthermore, a JAK3 variant of unknown
significance was discovered in the HCA of patient 3. No
genetic alterations were found in the HNFIA and GLII genes
or the analyzed JAK/STAT pathway members (JAKI, GNAS,
ROS1, and STAT3) in any of the HCAs in this cohort. All
the analyzed adenomas showed only variants of unknown
significance in addition to the inactivating mutations of the
APC genes regardless of the number of HCAs in the patients.
An overview of the APC mutations and additional mutations
detected in the study cohort is presented in Table 2 and Sup-
plementary Table 4. All tumors were microsatellite-stable
(MSS).

Next, we performed a comprehensive analysis of the
cases reported in the literature in order to compare these
data with our results (see Table 1). The previously described
FAP-associated HCAs occurred both in female and male
patients (ratio 2:1). The youngest patient was two, and the
oldest was 37 years of age at the time of diagnosis. The
size of the HCAs ranged from 2.8 to 10 cm. Most of the
HCAs were solitary, but in two cases, multiple tumors were
described [21, 27].

Histologically, the HCAs were described as well-differ-
entiated nodules with a trabecular growth pattern lacking

@ Springer

any histological or cytological atypia. Immunohistologi-
cal analysis was carried out only in three cases; two HCAs
showed diffuse and strong GS positivity [1, 27]. In the third
case, the GS stain was negative, and the HCA was classified
as HNFIA-inactivated [23].

A molecular analysis was performed only in three cases
so far. Bala et al. found in the reported HCA a germline
APC mutation at codon 1451 and deletion of the second
allele [20]. In two further cases, a germline mutation of APC
was found (codons 1062 and 499), without a second hit [23,
26]. However, it was not outlined whether the whole APC
gene was covered in the analysis. In addition to the germline
APC mutation, Jeannot et al. also found a somatic mutation
of HNFIA and classified the tumor as HNF1A-inactivated
HCA. According to the patient history, she took oral contra-
ception for 5 years [23]. This case may have represented a
sporadic HCA occurring in a FAP patient without a patho-
genetic link.

Discussion

Few HCAs have been reported in FAP, and due to their rar-
ity, it has been an open question whether they may represent
a specific manifestation of FAP or a mere coincidence [1,
20-27]. In our study, all of our HCAs represent a clonally
propagated lesion with respective genetic alterations in the
APC gene and thus a specific manifestation of FAP—irre-
spective of coexisting known risk factors for HCA—since
we identified mutational inactivation of the second allele in
all FAP-HCAs analyzed. In contrast, the two reconfirmed
FNHs found in our FAP cohort are most likely co-occur-
rences (though not analyzed in our study). In this context,
it remains an open question why HCA is nevertheless infre-
quent in FAP but shows multiple HCAs in very few cases
(one of our cases and two reported in the literature). There
may be some HCA underreporting due to their benign
nature, as they may only be detected and diagnosed in cases
of manifest colorectal cancer. The spectrum of APC muta-
tions being able to induce neoplastic development of hepato-
cytes may be limited, and also, the lower cell turnover rate
of hepatocytes compared to colonic epithelium may further
limit random mutational inactivation of the second allele.
The occurrence of multiple HCAs in FAP may also depend
on the type of germline mutation.

Inactivating mutations of the APC gene are distrib-
uted throughout the whole coding sequence [31]. How-
ever, a mutation cluster region for somatic mutations is
located approximately between codons 1250 and 1450
for colorectal tumors and between codons 1400 and 1580
for upper gastrointestinal tumors [32]. The location of
the mutations correlates to the severity of the disease in
terms of colonic adenoma formation [33]. Moreover, a
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Patient 1 - HCA 1

Patient 1 - HCA 2

Patient 1 - HCA 3

Patient 2

Patient 3

Fig.2 Immunohistochemical analysis of FAP-associated HCAs.
Representative hematoxylin—eosin and immunohistochemical stains
(LFABP, SAA, GS, and beta-catenin (CATB)) in five analyzed HCAs
from three patients. Asterisk: HCA tissue. Note that the immunore-

genotype—phenotype correlation of APC gene mutations
has also been described regarding extraintestinal manifes-
tations. Mutations located between codons 1445 and 1580
are associated with an elevated risk and severe manifes-
tation of desmoid tumors, while mutations between 457
and 1309 increase the risk of hepatoblastomas [16, 34].
Mutations occurring after codon 1444 correlate with a

activity in case 3 is generally weaker. Dashed line: border between
HCA and surrounding normal liver tissue. Magnification: X 40; mag-
nification of index pictures: X 100. Bars: 50 pm

higher risk of osteomas [35]. In our study, the analysis of
the APC gene revealed that the mutations that occurred
in the HCAs (both somatic and germline) were located
between codons 1156 and 1577 (Fig. 3). All somatic
mutations localized between codons 1306 and 1577, and
four out of the five somatic mutations were in the previ-
ously described mutation cluster region [32].
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Fig.3 Distribution of germline and somatic mutations in the APC-
gene. Scheme of the APC gene showing the detected germline and
somatic mutations in the HCAs. Mutations accumulated between

codons 1156 and 1577 (zoomed-in area). Red color, germline muta-
tions; blue color, somatic mutations

Table 2 Overview of APC mutations in the presented cases. The table describes the germline and somatic mutations in the colorectal carcinoma
(sample 1), HCAs (samples 2—4), and tumor-free lymph nodes (sample 5) of the first patient and in the HCAs of the second and third patient

Patient/sample Gene Exon Mutation (c.DNA) Mutation (protein) Allele fre- Variant
quency (%)
Patient 1/sample 1 APC (NM_000038.6) 7 c.694C>T p-Arg232* 19.2 Lof
16 ¢.3916_3917insGGTATT p-Glu1306fs*3 352 Lof
Patient 1/sample 2 APC (NM_000038.6) 16 ¢c.4630G>T p-Glul544* 3.8 Lof
16 ¢.3916_3917insGGTATT p-Glu1306fs*3 43.3 Lof
Patient 1/sample 3 APC (NM_000038.6) 16 c.4666dupA p-Thr1566fs*3 30 Lof
16 ¢.3916_3917insGGTATT p-Glu1306fs*3 47.8 Lof
Patient 1/sample 4 APC (NM_000038.6) 16 c4729G>T p-Glul577* 16.3 Lof
16 ¢.3916_3917insGGTATT p-Glu1306fs*3 44 Lof
Patient 1/sample 5 APC (NM_000038.6) 16 ¢.3916_3917insGGTATT p-Glu1306fs*3 44 Lof
Patient 2 APC (NM_000038.6) 16 c.4544_4547dup p-Gln1517fs*17 11.6 Lof
16 ¢.3467_3470del p-Glul156fs*8 414 Lof
16 ¢.5540C>T p-Thr1847Met 40.2 VUS
Patient 3 APC (NM_000038.6) 16 c.4033G>T p-Glu1345%* 11 Lof
16 ¢.4391_4392del p-Ser1465fs*3 43.5 Lof

Lof, loss of function; VUS, variant of unknown significance

The HCAs seen in our collective share some morphologi-
cal characteristics: our cases do not show significant cyto-
logical or histological atypia. All cases we have included
show strong and diffuse activation of GS but lack nuclear
accumulation of beta-catenin and CTNNBI mutations.
Among the previously described HCAs, immunohistochem-
istry was only performed in three cases, from which in two
cases a strong and diffuse GS staining was revealed [1, 27].
Cytological or histological atypia was not reported in any of
the previously published cases.

In this study, we evaluated the cases of two male (25
and 57 years old) and one female (22 years old) patients.
The largest nodule in the first case with adenomatosis was
2.5 cm, while the adenomas in the other two cases were
5.5 cm and 4 cm in diameter. In the previously described
HCA cases, the patients were between 2 and 37 years old,
and the HCAs measured between 2.8 and 10 cm at the time
of detection. The age of the patients and the size at detection
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do not differ from the established HCA subtypes. However,
a gender disparity in FAP-HCAs is not detectable so far (six
female and five male patients).

An important question is how FAP-HCA relates to other
subtypes of HCA. At first glance, the subtype appears to be
most closely related to beta-catenin-activated HCA, as the
APC gene, which is part of the destruction complex in the
canonical Wnt-signaling pathway and a negative regulator
of beta-catenin, shows deleterious variants in both alleles
and as all FAP-HCAs show strong and homogenous upreg-
ulation of GS, a Wnt-signaling target gene [36, 37]. On
the other hand, there are significant differences question-
ing whether FAP-HCA should be added to the subgroup
of beta-catenin-activated HCA with conventional exon 3
mutations of the CTNNBI gene and strong and homog-
enous GS overexpression. First of all, we detected no
activating mutation of CTNNBI in FAP-HCA, and—con-
sistent with this finding—there is no nuclear beta-catenin
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accumulation in any of the HCA cells, as it is otherwise
consistently found in HCA with homogenous, strong GS
overexpression. Furthermore, all FAP-HCAs investigated
here lacked significant cellular or architectural atypia,
which is frequently seen in beta-catenin-activated HCA.
Accordingly, the FAP-HCAs in our collective lack signs
for an increased risk of malignant transformation, which
in contrast is the case for beta-catenin-activated HCA,
and there is only a single case report on a FAP-HCA with
malignant transformation in the literature [25]. Loss-of-
function mutations in APC are also rarely found in HCC
(less than 3%) [38]. Accordingly, only ten cases of FAP-
associated HCCs have been described in the literature so
far. Among these FAP-associated HCCs, molecular analy-
sis was performed only in three cases, and only in a single
case was a somatic mutation in the APC gene found [39].
In none of these cases, an HCC precursor lesion or ade-
noma was described. Interestingly, the age of the patients
at the time of HCA diagnosis (reviewed in this article)
and the age of the patients at the time of HCC diagno-
sis did not differ significantly. Mutational inactivation of
the APC gene alone was also found to be insufficient to
promote hepatocarcinogenesis in a sgApc mouse model,
and additional genetic events were needed to induce HCC
formation [38].

Overall, these data substantiate the claim that FAP-HCA
forms a peculiar subgroup of HCA. Interestingly, like in
beta-catenin-activated HCA, presumed alteration of the
Whnt-signaling pathway in FAP-HCA may also co-occur
with the inflammatory phenotype of HCA. In addition, it
also shows that in some rare cases of HCA (i.e., FAP-HCA),
strong overexpression of GS alone does not allow to ascribe
a HCA to the subtype of beta-catenin-activated HCA and
may not necessarily demonstrate an increased risk of malig-
nant transformation.

Which are the clinical consequences? First of all, the
vast majority of FAP-HCAs will be found accidentally
under staging/restaging conditions of colorectal cancer,
with hepatic metastasis being the clinical suspicion or at
least differential diagnosis due to probability. This lends
further evidence to the need for a biopsy of suspicious
hepatic lesions in the respective FAP patients. If adenoma
would be detected by biopsy and its FAP-related nature can
be clarified by APC-gene sequencing, according to current
knowledge, resection criteria may not adhere to criteria for
beta-catenin-activated HCA (resection at any size) but to
general HCA criteria (resection > 5 cm), and even a “watch
and wait” strategy may be considered [40].

Taken together, our analyses show that hepatocellular
adenoma in FAP patients can be a specific, although rare,
neoplastic manifestation of this inborn disease and repre-
sents a distinct subgroup of HCA. FAP-HCA is an important
differential diagnosis for hepatic metastases in these patients

and requires adequate clinical and molecular (diagnostic)
assessments for optimal patient guidance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00428-023-03680-w.
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