Editor’s note:

Cancer has been called a metabolic disease for some time. To address the significance of metabolic alterations in cancer, this column on
“Metabolism of Childhood Cancer” is launched with Dr. Dinesh Rakheja (Departments of Pathology and Pediatrics, University of Texas

Southwestern Medical Center) serving as the column editor. More featured articles are expected to be published in the column.

Metabolism of Childhood Cancer Column (Review Article)

Liver tumors in children with metabolic disorders

Deborah A. Schady, Angshumoy Roy, Milton J. Finegold

Department of Pathology, Baylor College of Medicine, Texas Children’s Hospital, Houston, TX 77030, USA

Contributions: (I) Conception and design: All authors; (II) Administrative support: All authors; (III) Provision of study materials or patients: All

authors; (IV) Collection and assembly of data: All authors; (V) Data analysis and interpretation: All authors; (VI) Manuscript writing: All authors; (VII)

Final approval of manuscript: All authors.

Correspondence to: Milton J. Finegold, MD. Professor of Pathology and Pediatrics, Department of Pathology, Baylor College of Medicine, Texas
Children’s Hospital, Houston, TX 77030, USA. Email: mjfinego@texaschildrens.org.

Abstract: Hepatic neoplasia is a rare but serious complication of metabolic diseases in children. The risk of

developing neoplasia, the age at onset, and the measures to prevent it differ in the various diseases. We review

the most common metabolic disorders that are associated with a heightened risk of developing hepatocellular

neoplasms, with a special emphasis on reviewing recent advances in the molecular pathogenesis of the

disorders and pre-clinical therapeutic options. The cellular and genetic pathways driving carcinogenesis are

poorly understood, but best understood in tyrosinemia.
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Introduction

Hepatic involvement in metabolic diseases is a natural
corollary to the central and pivotal role of the liver in
metabolism. The majority of childhood metabolic liver
diseases are classical Mendelian single gene disorders
affecting key enzymes and proteins in diverse metabolic
pathways (1,2). Other disorders such as the metabolic
syndrome and its hepatic manifestation, non-alcoholic
fatty liver disease (NAFLD), are multifactorial (genetic
dyslipidemias, insulin resistance, diet) (3-5) and increasingly
prevalent in the pediatric age group in association with
childhood obesity (6). Yet others (e.g., idiopathic copper

toxicosis, Indian childhood cirrhosis) are postulated to be
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multifactorial, with contributions from as yet unresolved
genetic and environmental risk factors (7-9).

Metabolic liver disease is often studied within the
paradigm of ‘toxic metabolite’ accumulation and chronic
injury. In this model of pathogenesis, metabolic disorders
initially present with characteristic histologic and
ultrastructural patterns on liver biopsy (10,11), but chronic
injury over months or years leads to cirrhosis and/or
hepatic neoplasia. Prototypes of such a model include the
endoplasmic reticulum (ER) retention of a-1 antitrypsin
(AAT) in AAT-deficiency, increased levels of succinylacetone
(SA) in hereditary tyrosinemia type 1 (HT'1), and increased
glycogen in glycogen storage disorders (GSD). Accordingly,
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Table 1 List of metabolic disorders associated with hepatocellular carcinoma

Disorder Gene Inheritance Neoplasia Background cirrhosis RR
Hereditary tyrosinemia FAH AR HCC ++ ND
AAT deficiency SERPINAT AR HCC, CC, CHCC +/- 5
Hereditary hemochromatosis HFE AR HCC ++ 20
Wilson disease ATP7B AR HCC, CC + ND
Acute intermittent porphyria HMBS AD HCC + >30
PFIC-2 ABCB11 (BSEP) AR HCC, CC, CHCC +/— ND
Mitochondrial ETC disorders Multiple AR HCC + ND
GSD-I G6PC, G6PT AR HA, HCC - ND
GSD-llI AGL AR HCC, HA + ND
GSD-IV GBE1 AR HCC + ND
NASH Multiple Complex HCC + ND
Transaldolase deficiency TALDO1 AR HCC + ND

AAT, a-1 antitrypsin; PFIC, progressive familial intrahepatic cholestasis; ETC, electron transport chain; GSD, glycogen storage
disorder; NASH, non-alcoholic steatohepatitis; FAH, fumarylacetoacetate hydrolase; SERPINA1, serine protease inhibitor, alpha 1;
HFE, hemochromatosis; ATP7B, ATPase, Cu++ transporting, beta polypeptide; HMBS, hydroxymethylbilane synthase; ABCB11,
ATP-binding cassette, sub-family B, member 11; BSEP, bile salt export pump; G6PC, glucose-6-phosphatase, catalytic subunit;
G6PT, glucose-6-phosphatase transporter; AGL, amylo-1, 6-glucosidase, 4-alpha-glucanotransferase (glycogen debrancher
enzyme); GBE1, glucan (1,4-alpha-), branching enzyme 1 (glycogen branching enzyme); AR, autosomal recessive; AD, autosomal

dominant; HCC, hepatocellular carcinoma; CC, cholangiocarcinoma; CHCC, mixed cholangio-hepatocellular carcinoma; HA,

hepatic adenoma; RR, relative risk; ND, not determined.

the most frequently diagnosed hepatic neoplasm in children
with inherited metabolic disorders is hepatocellular
carcinoma (HCC) (10,12), a tumor otherwise rare in the
pediatric population (13) but the commonest to arise in
a cirrhotic liver. Cholangiocarcinoma (CC), combined
cholangio-HCC, hepatic adenoma (HA), and focal nodular
hyperplasia are less frequently encountered (7zble ). In
contrast, hepatoblastoma, the most common pediatric
liver malignancy, is not usually associated with cirrhosis or
metabolic disease but with other heritable defects (10,12).

A few counterpoints deserve special mention. First,
cirrhosis is not a prerequisite for developing HCC in
metabolic disorders, the most prominent example being
malignant transformation of HA in type I glycogenosis (14).
De novo HCC in AAT deficiency (15) and hereditary
hemochromatosis (HH) (16) have also been reported. Second,
even in the presence of cirrhosis, HCC and other cancers
develop in only a minority of patients with metabolic disease,
underscoring the crucial role played by environmental and
other genetic modifiers in tumorigenesis. Third, modifiers
must also be involved in the latency of progression to
cirrhosis and/or HCC. Even though the molecular defects
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are present since conception in AAT deficiency, HH, Wilson
disease (WD), and acute hepatic porphyrias, tumors rarely
occur before adulthood (1). In contrast, cirrhosis and hepatic
carcinogenesis in untreated hereditary tyrosinemia occurs in
early childhood (17).

A comprehensive review of all aspects of metabolic
diseases is beyond the scope of this chapter and the reader
is referred to several other exhaustive references (1,2,10).
This chapter focuses on hepatic neoplasia as a complication
of metabolic liver disease in the pediatric population with
emphasis on recent advances in the molecular mechanisms
of tumorigenesis in tyrosinemia, AAT deficiency, and GSD
(see Table 1 for a list of disorders). Hepatic tumors not
associated with metabolic disease (e.g., hepatoblastoma,
mesenchymal hamartoma) (12) or arising in developmental
disorders (e.g., Alagille syndrome, Caroli disease) (18,19)
are therefore not included. Also excluded are the cancer
predisposition syndromes (Fanconi anemia, ataxia
telangiectasia, familial adenomatous polyposis, Li-Fraumeni
syndrome, and Beckwith-Wiedemann syndrome) in which
hepatic (and extrahepatic) tumorigenesis is driven by
germline mutations and epimutations activating oncogenic
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pathways (20,21).

Hereditary tyrosinemia type 1 (HT1) (OMIM 276700)

HT1 is an autosomal recessive (AR) metabolic disorder
caused by deficiency of fumarylacetoacetate hydrolase
(FAH), the last enzyme of tyrosine degradation. FAH is
present within the liver as well as in the kidney, lymphocytes,
erythrocytes, fibroblasts, and chorionic villi (22).
The disease is quite common in Quebec (1 in 16,786
live births) (17), and is especially prevalent in the French
Canadian population of Saguenay-Lac-St-Jean Quebec due
to a complex founder effect (23). Worldwide more than 40
mutations have been reported in the 4H gene, but the IVS12
+ 5G > A allele is responsible for more than 90% of mutant
alleles in Saguenay-Lac-St-Jean Quebec. The mutational
spectrum in F24H in different ethnic groups has been reviewed
elsewhere (22). An elevated SA level in serum or urine is
confirmatory for the diagnosis (17).

Prior to 1992, when Lindstedt et a/. (24) published
the first report of successful treatment of tyrosinemic
children with 2-(2-nitro-4-trifluoromethylbenzoyl)-
1,3cyclohexanedione (NTBC or nitisinone), two major
clinical presentations of HT'1 were recognized: hepatic
crises and neurologic crises. The hepatic forms consist of
essentially two subsets including an acute form of hepatic
decompensation with hepatomegaly, ascites, anasarca,
and marked coagulopathy with greater than 80% affected
children dying before the age of 2 years, and a chronic form
consisting of chronic liver disease, renal tubular dysfunction,
and hypophosphatemia with rickets (25). The neurologic
crises (resulting from d-aminolevulinic acid toxicity) consist
of painful paresthesias and autonomic signs similar to those
seen in acute porphyria (17). Liver biopsy of the acute stage
typically shows a hepatitic pattern with portal and lobular
necroinflammatory foci, varying degrees of steatosis,
pseudoacinar formation with bile plugs, iron accumulation
within Kupffer cells and zone 1 hepatocytes and occasional
giant cell transformation (10). There may be micro-nodular
cirrhosis with associated bile duct proliferation. Patients
may undergo multiple acute crises during their lifetime.
The chronic hepatic phase usually shows mixed micro- and
macro-nodular cirrhosis with minimal ductular proliferation
and mild lymphoplasmacytic infiltrates within the fibrous
septa. Varying degrees of steatosis are also seen and may
show variation within a nodule and/or between nodules.
The most significant feature is the foci of dysplasia (large
and small cell types) and/or HCC (26) (Figure 1).
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In cirrhotic livers of individuals with HT'1, a remarkable
phenomenon of genetic ‘reversion’ has been reported (27,28),
in which rare discrete regenerative nodules are found to be
immunoreactive for FAH protein interspersed with the vast
majority of FAH-negative nodules. DNA analyses of these
‘revertant nodules’ have shown heterozygous correction of
the FAH gene sequence (25,28). These nodules are often
large (macro-nodules) with no dysplasia or proliferating
cell nuclear antigen staining observed and no steatosis is
usually seen. The extent of replacement of the liver by these
“revertant nodules” is inversely proportionate to the clinical
severity, and it is reported that the incidence of hepatic
dysplasia is lower in the chronic liver group (50%) than
in the acute liver group (100%) and the average surface of
reversion in the chronic group was much higher (36%) than
in the acute group (1.6%) (25). More importantly, HCC was
found to develop only within non-revertant nodules (25).

The risk of developing HCC in HT1 is considered
the highest among all metabolic disorders (29). Earlier
reports of a 37% incidence of HCC (26) may have been
overestimated (17), but current estimates of a 13-17%
risk (17,22,30) is still extremely high. In contrast to other
metabolic disorders, tyrosinemic individuals are also at
risk of developing HCC earlier, often before the age of
5 years (17,31), and as early as 1 year (32) (see below).
Typically dysplastic changes within regenerative nodules
with or without discrete foci of HCC (Figure 1) are evident.
A recent retrospective study of 16 patients with liver
transplantation for HT'1 revealed cirrhotic nodules in all
patients and well-differentiated HCC in 12 of 16 patents (33).
Such findings promote regular screening for serum
alphafetoprotein (AFP) elevation and ultrasonography and
intervention via orthotopic liver transplantation in affected
children. AFP levels do not reliably predict the development
of HCC and may be markedly elevated following acute
liver crises and decrease over time. HCC may also occur
with normal or low AFP levels (22). The introduction
of nitisinone has dramatically altered the non-surgical
management and the short and medium-term outlook in
these patients (see below), such that the indication for liver
transplantation is now restricted to non-responders to
NTBC, patients not treated with NTBC, or for patients
with HCC (33).

Over 300 patients have now been enrolled in the
International N'TBC study (32) and the incidence of acute
HT1 (liver failure, neurologic crises) has reduced to 10%, a
remarkable outcome with very few adverse effects (22,32).
Given that the vast majority of patients in the pre-NTBC
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Figure 1 (A) Schematic of the tyrosine degradation pathway. FAH deficiency in hereditary tyrosinemia type I (HT'1) leads to accumulation

of fumarylacetoacetate and, maleylacetoacetate, with production of succinylacetone (SA) that becomes detectable in the urine and plasma.

NTBC (nitisinone) is a potent inhibitor of the 4-HPPD enzyme; (B, C) photomicrograph of liver from an 8-month old patient with HT'1

showing typical micro- and macro-nodular cirrhosis (B, magnification, 50x) and a dysplastic nodule (C, magnification, 200x). TAT, tyrosine

aminotransferase; 4-HPPD, 4-OH phenylpyruvate dioxygenase; HGD, homogentisate dioxygenase; MAI, maleylacetoacetate isomerase;

FAH, fumarylacetoacetate hydrolase.

era succumbed to acute symptoms, these results are hugely
promising. Even more striking results were reported in a
recent study from Quebec, where HT1 screening is included
in the universal newborn screening program and NTBC
treatment was initiated in a cohort of patients prior to
1 month of age before development of clinical symptoms.
Compared to untreated HT1 patients (n=28), who had 184
hospitalizations during 1,312 months, no hospitalizations
for acute complications of HT'1 were reported in 50 patients
who received NTBC therapy during 5,731 months of
treatment (34). Furthermore, none of the 24 patients who
received NTBC prior to 1 month of age developed any
detectable liver disease or underwent liver transplantation at
5 years of follow-up; whereas 7 of 26 patients treated after
1 month of age and 20 of 28 untreated patients underwent
liver transplantation, suggesting early institution of therapy
prior to liver damage has a significant impact on the acute
hepatic complications of HT'1 (34).
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NTBC has also been reported to decrease the short-
and medium-term risk of HCC development when patients
are started on therapy < age 2 years (32,35). In the smaller
Quebec trial, only 1 of 35 patients (2.86%) on NTBC was
transplanted for suspected cirrhosis and had hepatocellular
dysplasia at 51 months of follow-up (22). In an interim
report on the international NTBC study by Holme and
Lindstedt (32), only 1 out of 80 patients (1.25%) placed on
therapy < age 2 years was identified with proven HCC at
5-7 years follow-up. In a longer-term follow-up of French
patients, none of 41 patients started on NTBC < age 2 years
developed HCC (36). While these figures are encouraging,
other statistics should give us pause; HCC developed in 8 out
of 60 patients (13.3%) in the international study (32), and in
2 out of 5 patients in the French study (36) when NTBC
treatment was started after 2 years of age. Furthermore,
HCC has been reported in patients as late as 6 years after
starting N'TBC therapy (37) and 10 years (38) suggesting
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that the long-term risk assessment of HCC in patients on
NTBC awaits further studies.

The molecular mechanisms of hepatic carcinogenesis
in HT1 have been the focus of many studies. NTBC is a
potent inhibitor of 4-hydroxyphenylpyruvate dioxygenase
(4-HPPD) (39), an upstream enzyme in the tyrosine
catabolism pathway (Figure I). Several lines of evidence
point toward a major role of fumarylacetoacetate (FAA),
maleylacetoacetate (MAA), and SA (metabolites upstream
of the enzymatic block in tyrosine degradation) in the
development of HCC. First, NTBC treatment targets
the 4-HPPD enzyme upstream of FAH (Figure I) leading
to a marked decrease in plasma SA levels in responsive
patients (24). Second, while Fzb knockout (Fzb™") mice
on NTBC may develop HCC by 10 months (40), Fah™"
Hpd™" double knockout mice are protected from hepatic
carcinogenesis and dysplastic lesions even at 18 months of
age (41). Third, and perhaps most telling, is the observation
that HCC develops only in FAH-negative nodules (see
above) in livers with spontaneous reversion (25). Fourth,
FAA has been shown to be a mutagen in cultured cell
lines (42) inducing mitotic abnormalities and genomic
instability and causing oxidative damage by reacting with
glutathione and sulthydryl groups (43). Due to the central
role of Nrf2 (Nfe212) in cellular protection against oxidative
stress, a Fabh/Nrf2 double knockout mouse model showed
increased mortality from acute HT'1 as well as accelerated
development of HCC, suggesting FAA induced oxidative
damage as a key mechanism of carcinogenesis in HT1 (44).
Fifth, SA may have a direct inhibitory effect on DNA repair
mechanisms (45). Finally, the activation of the AKT (serine/
threonine kainase) survival signaling pathway and inhibition
of apoptosis in Fab”™ mice with discontinuation of NTBC
may provide a mechanistic basis for the carcinogenesis in

HTI (46).

Alpha-1 antitrypsin (AAT) deficiency (OMIM 613490)

AAT deficiency is inherited in an AR manner and is
caused by mutations in the serine protease inhibitor, alpha
1 (SERPINATI) gene on chromosome 14. It primarily affects
the lungs and the liver and is a relatively common condition
affecting 1:1,500 to 1:3,500 live births. AAT deficiency
liver disease is the most common inherited cause of liver
disease and the most frequent genetic disease leading to
liver transplantation in childhood. AAT is a glycoprotein
synthesized and secreted by the liver and its principal
physiologic role is to inhibit neutrophil elastase. While lung
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disease in AAT deficiency is the result of decreased levels
of circulating AAT, liver disease (the focus of this section)
is caused by toxicity due to the retention of the mutant
protein within the ER of hepatocytes. Abnormal migration
of mutant AAT proteins on serum isoelectric focusing
constitutes the confirmatory test for diagnosing the disease.

The most common AAT variant associated with
clinical liver disease [protease inhibitor Z (PiZZ)] is
caused by a missense mutation (Glu342Lys) that produces
a conformationally altered unstable protein prone
to homomeric aggregation (protein polymers). Such
aggregates [referred to as alpha-1 antitrypsin Z (ATZ)] are
retained within the ER (hence the deficiency in the plasma)
and may be identified on routine histological sections with
periodic acid schiff (PAS) stains after diastase digestion
(PASD). These lead to intracellular toxicity and cellular
injury (mitochondrial dysfunction, autophagy, and caspase
activation), which activates the nuclear factor-kappa p (NF-
kB) pathway and is believed to underlie the molecular
pathogenesis of liver disease. Perhaps the most interesting
insight into the mechanisms of liver disease has come from
the identification of ‘autophagy’ as a major pathway for
disposal of insoluble ATZ polymers, and that a specific
autophagy-enhancing drug, carbamazepine, can dramatically
decrease the ATZ load in mouse models of AAT (47).
Interestingly, even oral carbamazepine administered to
PiZ mice was able to both decrease hepatic ATZ load as
well as reverse hepatic fibrosis, a remarkable finding with
obvious clinical implications that are now the basis for an
ongoing phase II/III clinical trial to evaluate the efficacy
of carbamazepine in AAT liver disease (48). These pre-
clinical results have been further substantiated by screening
drug libraries using a C. elegans model of AAT deficiency,
in which several compounds, including phenothiazines,
that dramatically reduced ATZ accumulation were found
to be autophagy-enhancers (49,50), pointing to a decidedly
critical role for this cellular pathway in influencing the
severity of AAT liver disease.

Liver disease is primarily seen with homozygous PiZZ
AAT deficiency. Long term follow-up studies of PiZZ
newborns in Scandinavian populations indicate only
10-15% develop any biochemical evidence (without clinical
signs) of liver dysfunction at 25 years age, suggesting AAT-
deficiency liver disease to be a low penetrance disorder
dependent on additional host or environmental risk factors.
In this study it was also shown that the overall risk of
life-threatening liver disease in childhood was about 5%
and that 80% of patients who presented with neonatal
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cholestasis were healthy and free of chronic liver disease at
18 years of age (51). Approximately 50% of PiZZ children
may show signs and symptoms of liver dysfunction but only
about 5% show cirrhosis and life-threatening disease before
18 years of age (52). In skin fibroblasts from individuals
with AAT deficiency liver disease, constitutively expressed
PiZ protein was found to be degraded less efficiently than
in PiZZ individuals without liver disease (53), confirming
the presence of additional host factors in modifying
disease phenotype. One such host factor involved in the
degradation of ER-retained and misfolded glycoproteins is
mannosidase I, the translation and protein levels of which
are suppressed by a variant allele in its 3'untranslated region
(3’UTR) that is more prevalent in symptomatic PiZZ
infants, thus providing evidence for the role of genetic
modifiers in AAT deficiency liver disease (54).

AAT deficiency should be considered in any newborn with
liver dysfunction and biopsy showing neonatal cholestasis
(lobular hepatitis, prominent steatosis, hepatocellular
necrosis) with or without giant cells. Bile duct proliferation
mimicking extrahepatic biliary atresia is a common finding.
Uncommonly, a ductopenic pattern mimicking Alagille
syndrome can be seen (10). Characteristic PASD-positive
eosinophilic cytoplasmic globules of AAT may be seen in
periportal hepatocytes, most prominent in older children,
and can be diagnosed earlier with anti-AAT monoclonal
antibodies. Chronic liver disease with hepatitis and/or
cirrhosis usually occurs only in older children and adults.

Hepatic neoplasia arising in AAT-deficiency liver disease
has been well documented. An autopsy study from Sweden
first showed a strong association between AAT deficiency,
cirrhosis and liver cancer, with the risk for liver cancer
greater than explained by cirrhosis alone (55). The life-time
relative risk (RR) of developing HCC in a PiZZ individual
is increased (RR =5.0) (56,57) and with few exceptions (58),
hepatic tumors develop in adults (15). Polymerized
conformation of ATZ within the endoplasmic reticulin of
the hepatocytes may lead to hepatocellular apoptosis and a
compensatory proliferation in the liver possibly leading to
cirrhosis and HCC (59). Unlike HT1, hepatic neoplasia in
AAT deficiency often develops in non-cirrhotic livers, and
CC or mixed cholangio-HCCs (CHCC) have also been
reported (15). The development of HCC and CCs in PIMZ
(heterozygous for Z) individuals has also been reported (60),
although the incidence of liver disease in PiMZ individuals
remains controversial (61).

Hepatic carcinogenesis in AAT-deficiency is incompletely
understood but Perlmutter and colleagues have advanced
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an interesting cell non-autonomous model (62). Using a
transgenic mouse model for AAT deficiency (PiZ mice),
Rudnick er a/. demonstrated two distinct hepatocyte
populations: a globule-containing compartment with
PASD-positive AAT aggregates and another globule-devoid
compartment negative for PASD (63). Furthermore, using
double labeling with the DNA proliferation marker BrdU,
the proliferating hepatocytes were found to be within
the globule-devoid compartment. These findings have
led to a model whereby the globule-devoid hepatocytes
are considered to have a selective proliferation advantage
and respond to proliferation signals emanating from the
globule-containing hepatocytes and explain why hepatic
cancers appear to predominantly arise from the zones of
globule-devoid hepatocytes (60,62). However, conclusive
evidence for such a ‘trans’ signal awaits further studies. A
recent study suggests that wild-type hepatocytes grafted in
a mouse model of AAT liver disease have a much higher
selective advantage compared to both globule-containing
and globule-devoid compartments, and replace between 20-
98% of mutant host hepatocytes even in the absence liver
injury (64), suggesting that the mechanism of carcinogenesis
remains to be fully understood. These findings also provide
pre-clinical data that wild-type hepatocyte transplantation
could be a therapeutic option in PiZZ individuals due to
the potential of this approach to not only ameliorate liver
disease but to lead to increased serum levels of the protein.

Type | glycogen storage disorder (GSD-I)
(OMIM 232200, 232220)

GSD-I, or von Gierke disease, is an AR disorder caused by
mutations in the glucose-6-phosphatase complex. It is the
most common of hepatic glycogenoses, representing ~25%
of all cases (14). GSD-I has been further subdivided based
on the molecular defect: type Ia (the classic form) is due to
mutations in the catalytic subunit of glucose-6-phosphatase
(G6PC), and type Ib due to mutations in the transporter
(G6PT). More than 80 allelic variants in the G6PC gene have
been reported in the literature (65) and sequence analysis
of the gene is now offered commercially (www.genetests.
org) and is especially useful for prenatal diagnosis (66).
Stringent genotype-phenotype correlations do not exist
however (65), and the gold standard for diagnosis is
measurement of enzyme activity on fresh liver tissue (14).
GSD-I is characterized by variable metabolic
derangements (66), the chief being profound hypoglycemia
and hyperlipidemia. The clinical manifestations and
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Figure 2 Hepatic adenoma in type I glycogen storage disorder. Low-power (A) and higher magnification (B) and (C) images showing the
interface between the adenoma and surrounding liver tissue. Note the glycogen in the pale swollen hepatocytes in the adjacent liver is
sensitive to PAS-D, in contrast to the adenoma (C). Magnification, 40x in A, 100x in B, and 400x in C. PAS-D, periodic acid-schiff diastase.

laboratory findings have been thoroughly reviewed
(2,14,66). Patients can present in the newborn period but
typically present within the first 6 months of life with
hypoglycemia and hepatomegaly. Hepatic cirrhosis and
liver failure are not seen and liver biopsy shows swollen,
pale hepatocytes with cytoplasmic PAS positive storage
material completely sensitive to diastase digestion (Figure 2).
Microvesicular and macrovesicular steatosis are present
by H&E and electron microscopy in the hepatocytes and
the hepatocytes also have prominent cell membranes.
Monoparticulate glycogen can be seen on electron
microscopy.

Between 16-75% of GSD-I patients develop HA
detectable by ultrasonography and radioisotopic scanning
by age 15 years (67,68). In several series, the prevalence of
adenomas was found to increase with age, developing first
around puberty. The pathogenesis of adenomas in GSD-I
is incompletely understood. The fact that maintenance of
glycemic control through dietary therapy since childhood
(with frequent meals, uncooked corn starch or continuous
nocturnal nasogastric drip feeding) has reduced the
incidence of adenomas (69) and that some adenomas have
been reported to regress with dietary therapy (70) have
led to the suggestion that increased glucagon levels are
hepatotrophic (14). However, documented glucagon levels
are usually normal (67). A recent study comparing genomic
alterations in HA arising in GSD-I with adenomas in general
population did not identify specific changes in any group (71).
Further studies are necessary to resolve the mechanism
of adenoma formation (and neoplasia in general) in this
disorder; however, in light of the new proposed classification
system for hepatocellular adenomas, a recent retrospective
reanalysis of 38 nodules in seven transplanted livers in
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GSD-I patients with immunohistochemistry and molecular
analysis revealed the majority to diffusely express serum
amyloid-A (SAA) protein and have histological features of
‘inflammatory type’, although the authors did not find any
IL6ST mutations in any of the nodules (72).

Ominously, adenomas have been reported to undergo
malignant transformation to HCC or hepatocellular
adenocarcinomas in several case series (73-75). GSD-I is
probably unique among metabolic disorders to demonstrate
the development of HCC in adenomas in the absence
of concomitant cirrhosis. However, the pathogenesis of
malignant transformation remains elusive. In a recent
case series of 8 patients with GSD-I and HA, the age
of diagnosis of HCC ranged from 19-49 years (73).
Due to the risk of HCC in GSD-I patients, current
recommendations propose imaging with regular monitoring
of serum AFP levels. However, 6 of 8 patients with HCC
had normal AFP levels (73), highlighting the need for other
surveillance mechanisms in these patients.

Type 11l GSD (OMIM 232400)

Type III GSD (GSD-III or Cori disease) is caused by
deficiency of the glycogen debranching enzyme (amylo-1,
6-glucosidase, 4-alpha-glucanotransferase). It is an AR
disorder caused by mutations in the AGL gene. Affected
patients typically present in infancy with hepatomegaly and
hypoglycemia with or without myopathy. Liver biopsy at
this stage depicts distended hepatocytes with PASD-positive
cytoplasmic material that on ultrastructural examination
reveal abnormal glycogen with short outer chains. Periportal
fibrosis is common but progressive cirrhosis is a rare
complication of long-term disease in these patients (76).
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Figure 3 Electron microscopy showing hepatocellular aggregates
of filamentous amylopectin-like material in glycogen storage
disease type IV.

Hepatic neoplasia is a rare complication of GSD-III in
adults. Adenomas are seen in 5-25% of patients (76,77).
There are only six reports of HCC in GSD-III, all arising
in cirrhosis (76), the earliest at 32 years of age (78).

Type IV GSD (OMIM 232500)

Type IV GSD (GSD-IV or Andersen disease) is an
extremely rare (0.3% of glycogenoses) AR disorder
caused by deficiency of the glycogen branching
enzyme and leads to death by 3 to 5 years of age due
to progressive liver cirrhosis (14). More than 15 alleles
have been reported in the GBEI gene to cause this
clinically heterogeneous disorder that in the classic
form presents with cirrhosis in infancy. The liver biopsy
is remarkable for swollen hepatocytes with eccentrically
located nuclei and discrete amphophilic cytoplasmic
material that is PASD-positive and often has a halo
effect. By electron microscopy, this cytoplasmic material
consists of glycogen particles and amylopectin (Figure 3).
The amylopectin-like material also stains with colloidal
iron. Cirrhosis develops very early in GSD-IV patients,
often at presentation. HA do occur but the development
of HCC in GSD-IV has been rarely reported and this
is most likely due to the young age of death of most
patients afflicted with this disorder (79,80).

Hereditary hemochromatosis (HH)
(OMIM 235200)

HH is an AR disorder of iron metabolism caused by
mutations in the HFE gene in the vast majority of cases.
Prior to the identification of the gene, a diagnosis of HH on
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liver biopsy was based on documentation of iron overload
(grade 3 or 4 stainable iron, hepatic iron index >1.9,
and iron content >4,500 pg/g dry liver weight). Current
screening and confirmatory strategies for HH diagnosis
include fasting transferrin saturation and ferritin levels,
and if abnormal, genotyping for the C282Y and H63D
alleles in HFE for confirmation (16). Homozygosity for
the C282Y allele has a prevalence of 1 in 200-400 in
Caucasian populations and accounts for 85-90% of all
cases of classic HH. The molecular mechanisms of HFE-
mediated regulation of iron metabolism have been reviewed
elsewhere (16,81).

HH is one of the most common inherited disorders in
descendants of northern European ancestry. Histologically
iron deposition is initially noted in zone 1 hepatocytes in a
pericanalicular distribution with progressive extension into
zones 2 and 3. Over time iron begins to accumulate in the
biliary epithelium, Kupffer cells, and portal macrophages.
Eventually cirrhosis may occur. In a comprehensive
population-based study on 1847 Swedish individuals,
Elmberg et al. (82) have reported a 20-fold increased risk of
HCC in HH patents. With few exceptions, HCC arises in
cirrhotic livers (81). HCC has also been shown to occur in
iron free foci (Deugnier ez /. 2007). Although the defect in
iron metabolism may be detected in uzero, clinical symptoms
in HH rarely develop prior to adulthood. The long-term
complications of HH (cirrhosis and HCC) are prime
examples of the aforementioned hypothesis of cumulative
‘chronic injury’ through childhood. Therefore, children
of affected parents should be screened annually with
transferrin saturation and phlebotomy should be initiated
with the first abnormal result.

The mechanism of ‘chronic injury’ is presumed to be
related to iron overload. Excess iron has been shown to
cause liver injury through the generation of free radicals and
lipid peroxidation, leading to mitochondrial dysfunction
and cell death (83). Furthermore, iron has been shown to
activate hepatic stellate cells to promote fibrosis. Beyond
the role of cirrhosis itself in predisposing to HCC, several
observations support a direct role for iron in promoting
hepatic carcinogenesis. First, there are several reports of
HCC in non-cirrhotic livers of HH patients (81). Second,
stainable iron can be found in >50% of patients with
HCC without HH (81). Third, as reported by Lehmann
et al. (84), epigenetic alterations commonly encountered
in HCC are more frequently identified in liver biopsies
of HH individuals without HCC. Finally, iron-mediated
carcinogenesis is associated with increased frequency of
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mutations in 7P53 gene (85,86).

Wilson disease (WD) (OMIM 277900)

WD is an AR disorder of copper metabolism caused by
mutations in the ATP7B gene. Greater than 250 different
mutations in the gene have been reported in WD patients (7).
The gene encodes a copper-transporting ATPase protein
in the trans-Golgi complex that is essential for copper
secretion into bile. Deficiency of the protein leads to gradual
copper accumulation in the liver, and then within extra-
hepatic sites, leading to the typical clinical manifestations
of the disease. Diagnosis of WD depends on a combination
of several tests, including decreased serum ceruloplasmin
levels (<20 mg/dL), increased hepatic copper content
(>250 pg/g dry weight), increased 24-h urinary copper
excretion post-penicillamine challenge (>25 pmol/24 h),
ATP7B genotyping, and/or DNA haplotype analysis in
affected families (7).

Liver biopsy in patients may reveal an acute phase
characterized by hepatocyte swelling, steatosis, periportal
glycogenated hepatocyte nuclei, mild cholestasis, and
portal lymphocytic infiltrates. Chronic stages typically
show hepatocyte ballooning, interface hepatitis (mimicking
auto-immune hepatitis), and steatosis with periportal
fibrosis or macronodular cirrhosis (10). Stainable copper is
characteristic but not detectable in the younger patient or in
regenerative nodules; hepatic copper content measurements
are more informative. Ultrastructural examination typically
shows abnormal and large mitochondria with dilated cristae
and dense bodies as well as lipid deposition. Treatment
consists of life-long copper chelation therapy and dietary
zinc to compete for copper absorption from the diet,
without which the disease is fatal (7).

The risk of hepatic neoplasia in WD patients has not
been adequately determined but is likely to be low as there
are very few reports. In the largest series, two HCC and
three CCs were identified in 159 WD patients followed over
10 years (87). The pathophysiology of elevated copper
has been studied in A#p7b”" mice where it has been shown
that liver damage is related to the duration of exposure
to increased copper. In mice, elevated hepatocyte nuclear
copper leads to increased DNA synthesis and older mice
develop CCs (88). Gene expression profiling of livers from
knockout mice has revealed selective down-regulation
of genes involved in cholesterol biosynthesis (89), an
interesting finding given the potential for altered cell-cell
interactions.
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Other metabolic conditions

A few other metabolic conditions are associated with
a low incidence of hepatic neoplasia (Tuble 1). The
mechanisms of carcinogenesis are similarly not understood
in these disorders. Acute intermittent porphyria (OMIM
176000), an autosomal dominant (AD) disorder of heme
biosynthesis, has been reported to have a >30 RR of
developing HCC (56,90). Defective bile salt transport and
resultant cytotoxicity in progressive familial intrahepatic
cholestasis-2 (PFIC-2; OMIM 601847) may form the
basis for the HCC and CCs seen even in children <10
years age (91,92) (Figure 4). A recent genome profiling
study suggests that the progressive liver damage in PFIC-
2 from chemical injury leads to massive amplification and
copy-gain of several mitogen-activated protein kinases
(MAPK) pathway genes, a mutational signature distinct
from that seen in viral-associated HCC (93). Mutations in
the tight junction protein 2 (IJP2) have been identified
as leading to a new type of PFIC (94) presenting with
severe early cholestasis requiring transplantation.
Interestingly, case reports of young children (6 and
26 months old) presenting with complete TJP2 deficiency
and HCC (95) suggest yet another potential association
with chronic liver injury. Finally, in developed countries,
with the growing prevalence of pediatric obesity, various
forms of NAFLD, including non-alcoholic steatohepatitis
(NASH) have become common causes of chronic liver
disease in children. NAFLD, the histological manifestation
of the metabolic syndrome, is characterized by insulin
resistance and oxidative stress, and is often associated with
‘cryptogenic cirrhosis’ (96,97). A prospective cohort study
in Japanese population has revealed a ~7% incidence of
HCC in NASH patients (98). Studies on the molecular
pathogenesis of cirrhosis and hepatic neoplasia in these
disorders are essential, as this epidemic seems destined to
replace hepatitis B viral infection as the leading antecedent

of HCC.

Discussion

Neoplasia in metabolic liver disease is a relatively rare
complication of a group of individually rare disorders.
For instance, homozygous PiZZ AAT deficiency, the
most common genetic cause of liver disease in children,
has an incidence of 1:1,500 to 1:3,500 newborns (51,99).
In long-term follow-up studies by Sveger ez /., only 10-
15% had any biochemical evidence of liver disease at
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Figure 4 Liver pathology in PFIC-2. (A) Mild periportal inflammation and canalicular bile stasis seen in the liver biopsy of an 8-month

old child; (B) ultrastructural demonstration of amorphous canalicular bile; (C) immunohistochemistry for Bile salt export protein (BSEP or
ABCBI11) shows complete lack of canalicular staining in the patient (C) as compared to the control (D) (immunochemistry performed by
Alex Knisely, King’s College Hospital Liver Unit); (E) 8 years later, the patient presented with cirrhosis and cholestasis; (F) liver adenoma in

the resected specimen. Magnification, 200x in A, C, D, 50x in E, and 40x in . PFIC-2, progressive familial intrahepatic cholestasis-2.

25 years age (100,101). Even if all were to eventually
develop HCC, this translates roughly to an incidence
of 1:20,000 affected individuals. Nevertheless, the
RR of developing HCC with the PiZZ genotype is
significantly increased (57) (RR =5.0) (56), and warrants
close surveillance of affected individuals. Similarly,
the rate of children affected with HT1 in Quebec (17)
is ~1:17,000, the highest in the world. By the estimated
15% incidence of HCC in tyrosinemic livers (17), the risk
of HCC is approximately 1:190,000 births.

Our understanding of the molecular pathways involved
in disease progression and carcinogenesis in metabolic
disorders has benefited tremendously from studies in
mouse models. Although the physiology of humans differs
somewhat, several useful mouse knockouts (Fabh™", Atp7b ™",
etc.) have provided significant insight into pathogenic
mechanisms (40,102). One of the most significant advances
in HT'1 over the past two decades has been the introduction
of NTBC, a triketone herbicide that was first tested in rats
before introduction in humans (39). More recently, high-
throughput approaches in genomics, transcriptomics, and

© Translational Pediatrics. All rights reserved.

metabolomics are currently making it possible to investigate
these rare disorders with greater depth in humans. Such
an unbiased ‘systems biology’ approach has the added
advantage of uncovering hitherto unknown or ‘silent’
genetic modifiers that are likely to explain the variable
penetrance seen in virtually all metabolic disorders.
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