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Abstract

Objective—In familial hypobetalipoproteinemia (FHBL), fatty liver is a characteristic feature,
and there are several reports of associated cirrhosis and hepatocarcinoma. We investigated a large
kindred in which low-density lipoprotein (LDL) cholesterol, fatty liver and hepatocarcinoma
displayed an autosomal dominant pattern of inheritance.

Approach and Results—The proband was a 25 year-old female with low plasma cholesterol
and hepatic steatosis. Low plasma levels of total cholesterol and fatty liver were observed in 10
more family members; 1 member was affected by liver cirrhosis and four more subjects died of
either hepatocarcinoma or carcinoma on cirrhosis. To identify the causal mutation in this family,
we performed exome sequencing in two participants with hypocholesterolemia and fatty liver.
Approximately 22,400 single nucleotide variants were identified in each sample. After variant
filtering, 300 novel shared variants remained. A nonsense variant, p.K2240X due to an A>T
mutation in exon 26 of APOB (c.6718A>T) was identified and this variant was confirmed by
Sanger sequencing. The gentotypic analysis of 16 family members in total showed that this
mutation segregated with the low cholesterol trait. In addition, genotyping of the PNPLA3
p.1148M did not show significant frequency differences between carriers and non-carriers of the c.
6718A>T APOB gene mutation.
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Conclusions—We used exome sequencing to discover a novel nonsense mutation in exon 26 of
APOB (p.K2240X) responsible for low cholesterol and fatty liver in a large kindred.

This mutation may also be responsible for cirrhosis and liver cancer in this family.
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Introduction

HBL (hypobetalipoproteinemia) represents a heterogeneous group of disorders characterized
by reduced plasma levels of total cholesterol (TC), low-density lipoprotein-cholesterol
(LDL-C) and apolipoprotein B (apoB) below the 5th percentile of the distribution in the
population [1-2]. Familial hypobetalipoproteinemia (FHBL — OMIM 107730) is the most
frequent monogenic form of HBL. It may be due to loss-of-function mutations in APOB or,
less frequently, in PCSK9 genes [1-5].

The best-characterized form of FHBL occurs with dominant inheritance (approximately
50% of FHBL) and has been linked to heterozygous pathogenic mutations in the
apolipoprotein B (APOB) gene [1]. Most APOB gene mutations lead to the formation of
truncated apolipoprotein B (apoB) protein of various sizes which, to a variable extent, lose
the capacity to form plasma lipoproteins in liver and/or intestine and to export lipids from
these organs [1-2]. Missense non-truncating mutations of the APOB gene can be also cause
of FHBL [6-7] and are associated with a decreased secretion of the mutant apoBs because of
an increased binding to MTP [6-8].

As a consequence of impaired hepatic export of lipoproteins (VLDL), subjects with FHBL
due either to truncating or non-truncating mutations of the APOB gene are prone to hepatic
steatosis (9-10). In these subjects the presence of fatty liver has been documented by
abdominal ultrasound examination, magnetic resonance, or liver biopsy [9, 11-14].
Anecdotal reports have documented an association between fatty liver and steatohepatitis,
liver cirrhosis and hepatocarcinoma in FHBL patients [15-17].

We studied a large family where we observed an autosomal dominant pattern of low plasma
cholesterol cosegregating with fatty liver and hepatocarcinoma. We hypothesized the
presence in this family of a genetic susceptibility for cancer which cosegregates with a
causal mutation of FHBL. In order to identify the causal mutation in this family, we
performed exome sequencing, an approach that allows the identification of all the coding
variants present in affected family members.

Material and Methods

Results
Phenotype

Materials and Methods are available in the online-only Supplement.

DNA samples were available from 16 members across two generations. Lipid profiles,
including apoB levels and clinical characteristics of the family are presented in Table 1. The
proband (subject 1V-5) showed low levels of TC, TG and LDL-C; low LDL-C levels were
found in 9 more subjects of the family with a dominant transmission mode of inheritance
(Table 1 and Figure 1). Moreover 7 out of 10 subjects with low cholesterol levels showed
fatty liver as determined by liver ultrasonography (Table 1)
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Exome Sequencing

The two samples that underwent exome sequencing each yielded 8.25 gigabases of
sequence, with an average depth of coverage of approximately 250 reads per targeted base.
Approximately 22,400 single nucleotide variants were identified in each sample, of which
15,237 passed the previously described filters and were shared by both samples. After
removing variants also identified in pilot 1 of the 1000 Genomes project, 1,509 shared
variants remained. After removing variants identified in three unrelated samples ascertained
due to a non-LDL-C-related lipoprotein phenotype (hyperalphalipoproteinemia), 300 novel
shared variants remained. Of these, 112 were synonymous, 177 were missense, 4 were
nonsense, and 7 were at splice sites. Only one nonsense variant was within +/- 300
kilobases of lead SNPs in genomic regions associated with LDL-C in a recent large-scale
genome-wide association study [18]: p.K2240X due to an A>T mutation in exon 26 of
APOB (c.6718A>T), which encodes apolipoprotein B.

The search for shared variants in the 2cM region encompassing the ¢.6718A>T mutation of
the APOB gene also revealed an A>C mutation in exon 1 of the RHOB (ras homolog gene
family, member B precursor) gene (c.244A>C — p.M82L).

Sanger sequencing

The presence of the nonsense mutation in exon 26 (c.6718A>T - p.K2240X) was confirmed
in 3 independent PCR amplifications and direct sequencing in the proband (subject I1V-5).
The proband’s mother (subject 111-13) was found to carry the same mutation in the
heterozygous state. Sanger sequencing of the same APOB gene region of exon 26
encompassing the mutation performed in the other 14 available family members confirmed
that the nonsense mutation segregated with the low cholesterol trait (Figure 1).

There were 16 individuals in the family who had both plasma lipids phenotype and DNA
available for genotyping. Of these 16 individuals, 10 were affected on clinical grounds (TC
below the 5t percentile). All ten affecteds carried the APOB nonsense mutation. Of the six
individuals who were unaffected (TC > 5th percentile), none carried the APOB nonsense
mutation

The direct sequencing of the region of exon 1 of RHOB gene encompassing the ¢.244A>C
variant showed that beside subjects 111-13 and 1V-15, two other family members were
heterozygous carriers of the variant p.M82L (11-16 and IV-7) (Figure 1).

To predict the effect of this amino acid change on protein function we performed in silico
analyses by using different algorithms: PolyPhen (www.bork.embl-heidelberg.de/
PolyPhen/), SIFT (http://sift.jcvi.org/) and Mutationtaster (http://www.mutationtaster.org/).
The PolyPhen and SIFT algorithms gave comparable results, indicating that the p.M82L
(Polyphen score: 0.002, SIFT score: 0.11) amino acid substitution had a “benign effect”,
whereas the Mutationtaster software predicted the p.M82L missense mutation to be
damaging (Score: 15).

Association of PNPLA3 SNP rs738409 (1148M) with Hepatic Steatosis

As shown in Table 2, there were no significant differences in either PNPLA3 rs738409
minor allele (G) frequency allele or genotype frequencies between carriers and non carriers
of the c.6718A>T APOB gene mutation.
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Discussion

In the present study, we describe a large family where low plasma cholesterol, fatty liver,
and hepatocarcinoma cosegregate in an autosomal dominant pattern. Using whole exome
sequencing, we discovered that a novel nonsense mutation in exon 26 of the APOB gene (c.
6718A>T, p.K2240X) segregates with low lipids and the liver phenotypes.

A large number of APOB gene mutations truncating ApoB have been reported to be the
cause of FHBL, and novel mutations are continually being identified in FHBL subjects [19].
FHBL heterozygotes are generally asymptomatic but most of them develop fatty liver [19].
In fact, individuals heterozygous for inactivating mutations in APOB show impaired VLDL
particle metabolism and have a threefold increase in hepatic TG relative to healthy
individuals [10].

Earlier in vivo turnover studies have shown that effectiveness of lipid secretion from the
liver depends on apoB length [20] implying that a variable amount of lipids might
accumulate in the hepatocytes.of FHBL carriers of different truncated apoBs. It was also
suggested that fatty liver always develops in FHBL carriers of short and medium-size
truncated apoBs (<apoB-48), while other additional environmental factors are needed in
carriers of longer apoB forms [21].

However, more recent data have shown that there is no evidence that the size of apoB
truncation could be associated with a different degree of liver impairment. For instance in
the patients cohort studied by Sankatsing et al. [22], hepatic steatosis was not more severe in
patients carrying short truncated apoBs not secreted into the plasma compared with carriers
of longer truncations.

Even if fatty liver in FHBL has been considered “per se” a benign condition a potential
evolution to more severe forms of liver diseases such as steatohepatitis, cirrhosis or liver
carcinoma appears to be a relevant clinical issue. To date, only a few case reports on the
association between FHBL and severe liver diseases have been published.

Lonardo et al, described a case of hepatocarcinoma without cirrhosis in a subject with FHBL
due to a truncated form of Apo B [17]. The liver histology in this patient revealed a
moderate degree of steatosis and fibrosis outside the hepatocarcinoma lesion and the authors
speculated that environmental factors (such as alcohol and smoking) could trigger the
evolution of fatty liver due to FHBL. More recently, Bonnefont-Rousselot et al., have
described a patient with FHBL and liver cirrhosis due to a truncated form of ApoB [16]. The
liver biopsy revealed typical hepatic cirrhosis with irregular nodules and macrovacuolar
steatosis. In this case, classical causes of fatty liver and cirrhosis were excluded by a
comprehensive clinical, biological, and histological work-up.

To our knowledge, our observation is the first description of the co-occurrence of FHBL,
fatty liver, cirrhosis, and liver cancer. In particular, participants I11:1, I11:5, 111:3 and 111:11
died of hepatocarcinoma. Furthermore, in participant I11:11, the histology of the liver tumor
revealed a rare finding of fibrolamellar hepatocellular carcinoma. In fact, fibrolamellar
carcinoma is a rare primary malignant liver tumor with distinctive histology that usually
affects adolescents and young adults with a nearly even sex distribution and most patients
have no identifiable liver disease secondary to chronic infection with HBV or HCV [for
review see 23].

An interesting question deals with the identification of factors that could elicit a progression
of fatty liver due to FHBL to cirrhosis and liver cancer. Although environmental and
lifestyle influences are well known and prevalent potential contributors of progression of
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fatty liver, other molecular processes may contribute to this condition. Recently, variants in
genes affecting lipid metabolism, oxidative stress, insulin resistance, and immune regulation
could act as predisposing factors to the development of hepatic steatosis and the
development of progressive liver injury [for reviews see 24-25]. Among these, one genetic
variant that has consistently been associated in many independent studies with non-alcoholic
fatty liver disease is a missense mutation [lle148—Met148 (p.1148M)] in patatin-like
phospholipase domain—containing (PNPLA) 3 gene PNPLA3 [29].

Moreover this PNPLA3 variant is not only associated with hepatic steatosis but also to non-
alcoholic steatohepatitis and cirrhosis and these data provides strong molecular evidence of
the importance of genetic factor s on the progression of fatty liver to more severe forms of
hepatic diseases. [26—28]. Among the APOB mutation carriers individuals with the PNPLA3
p.1148M variant in this kindred did not show a higher susceptibility for fatty liver,
suggesting that in this family the PNPLAS3 gene does not act as a predisposing factor to the
development of hepatic steatosis and the development of progressive liver injury.

In an attempt to identify other genetic determinants that could contribute to the progression
of liver disease in this family, we searched for shared variants in the 2cM region
encompassing the ¢.6718A>T mutation of the APOB gene. This analysis revealed an A>C
mutation in exon 1 of the RHOB gene (c.244A>C — p.M82L).

Ras-homologous (Rho) small GTPases, are involved in the regulation of a variety of cellular
processes and recent studies further confirmed the role of the Rho proteins in cancer by
showing their involvement in cell transformation, invasion, metastasis and angiogenesis
[29].

In particular RhoB has a tumour-suppressive role, including inhibition of cell proliferation
and induction of apoptosis in several human cancer cells, and inhibition of tumour growth in
a nude mouse xenograft model [30]. Furthermore, RhoB is inducible by genotoxic stress,
such as UV light, some growth factors (TGFbeta) and chemotherapeutic drugs (cisplatin and
5-FU) [31].

The results of genotyping of the p.M82L RhoB variant showed no cosegregation whit the
APOB gene mutation found to be responsible for the FHBL phenotype. However it is
interesting to note that the four carriers of the p.M82L variant are also carriers of the c.
6718A>T mutation of the APOB gene and are all affected by fatty liver; in addition one of
them (subject 111:16) developed cirrhosis.

The clinical and genetic findings from this large kindred suggest that the complex
relationship between APOB mutations responsible of FHBL and the clinical and
pathological sequelae of fatty liver accumulation requires further mechanistic studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Familial hypobetalipoproteinemia (FHBL) is a genetic disorder characterized by <th
percentile plasma levels of total cholesterol, LDL-cholesterol, and apolipoprotein B
(apoB). Most of FHBL cases are due to mutations in APOB gene leading to defective
hepatic secretion of apoB-containing lipoproteins (VLDL). This results in an impaired
export of triglycerides causing fatty liver accumulation and hepatic steatosis. Few case
reports have documented the association of FHBL with steatohepatitis, liver cirrhosis and
hepatocarcinoma. Here we describe a large kindred in which a novel mutation of APOB
gene (p.K2240X), identified by exome sequencing, cosegregates with
hypobetalipoproteinemia, fatty liver and hepatocarcinoma in an autosomal dominant
pattern. We also found a variant in a tumor suppressor gene (RHOB), but no
cosegregation was found with the lipid and hepatic phenotypes. In addition, genotyping
of the PNPLA3 p.1148M does not show frequency differences between carriers and non-
carriers of the APOB gene mutation.
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Figure 1.

Pedigree of the Family with Familial Hypobetalipoproteinemia. The proband is indicated by
an arrow. Half filled symbol: affected subjects carriers of the mutation K2240X of the
APOB gene; Empty symbol: unaffected subjects.

RHOB: ras homolog gene family, member B precursor; WT: wild-type

The ? indicate that the cholesterol phenotype is unknown

Subjects marked by an * died of hepatocarcinoma.

Subject®: liver cirrhosis
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