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Foreword

Hereditary tyrosinemia type 1 (HT1), the most severe inborn error of the
tyrosine degradation pathway, is due to a deficiency in fumarylacetoacetate
hydrolase (FAH). The worldwide frequency of HT1 is around one per 100,000
births, but some regions have a significantly higher incidence due to founder
effects. Thus the high incidence of HT1 (1:1,800) in the northeastern part of
Quebec known as Saguenay-Lac-Saint-Jean (SLSJ) has led to continued
interest in the community as the defective gene carrier rate within this region
is 1:22. The disease was discovered by a remarkable paediatrician in the
region, Dr. Jean Larochelle, in the mid-1960s (see Chap. 1).

The FAH defect results in the accumulation of toxic metabolites, mainly in
the liver. If left untreated, HT1 is usually fatal before the age of 2. HT1
patients develop several chronic complications including cirrhosis with a
high risk of hepatocellular carcinoma (HCC) and neuropsychological impair-
ment (Chaps. 6, 9 and 10). Since 1992, thanks to Sven Lindstedt in
Gothenburg, treatment with an inhibitor of the pathway, nitisinone, combined
with a strict dietary treatment has largely replaced liver transplantation
(Chaps. 16, 17 and 18). However, early treatment is important to avoid
HCC. The book includes the latest developments on the molecular basis of
HT1 and its pathology and the screening and diagnosis and management of
the disease written by leading scientists, geneticists, hepatologists and clini-
cians in the field.

In October 1994, I organized the First International Symposium on
Hereditary Tyrosinemia in Lac-Delage, a small resort outside Québec
(Figure 1). All the scientists working on this rare disease were present.
Subsequently, Eli Anne Kvittingen, who was working on another cluster of
HT1 patients in Norway, uncovered the most unusual property of this disease:
the reversal and correction of the mutation in some hepatocytes from some of
the patients examined (1993 and 1994). In the autumn of 2015, GAETQ
(Groupe d’ Aide aux Enfants Tyrosinémiques du Québec) organized a meeting
about the disease to mark the 50" anniversary of the discovery of HT1 by Dr.
Larochelle. The meeting was attended by a number of clinicians, research
scientists and experts on various features of HT1 patients. But the interesting
part was the participation of over 200 parents of HT1 patients coming from
various parts of the world (Québec, Canada, USA, Europe and Australia). For
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Fig.1 Participants of the 1994 First International Symposium on Hereditary Tyrosinemia,
Lac-Delage, Québec, Canada
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me and my research assistant Dr. Genevieve Morrow, this was an unsuspected
and very pleasant feature of the meeting as we met the parents and children in
whom we had diagnosed the mutation or the carrier status years before. It was
a refreshing change from the usual scientific symposia format of experts dis-
cussing “their science” in the absence of the “affected patients”. It humanized
the exchanges and took us away from our mouse research models of HT1 and
back to real life.

On the basis of the newer knowledge on various features of HT'1, I thought
that it might be time to assemble a book dedicated to hereditary tyrosinemia.
I presented this proposal to Meran Owen of Springer with whom I had worked
with on another book on small heat shock proteins the year before. Meran
gave me his support and Springer accepted the proposal. I assembled the
experts on HT1 from around the world and convinced them to make their
contributions. I would like to thank the authors of the 21 chapters for their
nice contributions and for their patience in answering my queries and sugges-
tions before the final version. The assembly of the chapters would not have
been possible without the kind and patient help of Cynthia Kroonen at
Springer. She was very kind in reminding me that the book was overdue
(without mentioning the word), but I guess that she is used to working with
scientists who are always late.

Finally I would like pay a special tribute to Dr. Luc Bélanger (Université
Laval) (Figure 3) who showed the same interest in HT'1 as his father who was
the clinical biochemist at I’Hopital de Chicoutimi where he collaborated with
Dr. Larochelle. Luc died a few months ago and I dedicate this book to him.

Université Laval Robert M. Tanguay
Québec, QC, Canada



GAETQ: A Success Story in Community
Help

When I think about the history of hereditary tyrosinemia type 1 (HT1), I can’t
help but think about my own story. I have been witnessing the evolution of this
disease for a good 37 years. I know it may seem like 37 years is not a lot, but
considering I wasn’t expected to live more than a couple of years, it’s a lot!

I was born affected with HT'1 at the end of the year 1979. My future could
have been a lot different, read non-existent, if my parents hadn’t been Gérard
Tremblay and Marielle Gravel. They’re the ones who first decided to fight for
my life and then to fight for the life of others like me. When they founded the
Groupe d’Aide aux Enfants Tyrosinémiques du Québec (GAETQ) in
1983, I don’t think they knew the kind of impact that they would have on my
life and on the life of hundreds of families.

The first actions that were conducted by GAETQ merely allowed families
to get together and share their stories and their fears. Back in the 1980s, there
wasn’t much hope for babies who were born affected, but still my parents did
their best and, most importantly, never gave up. They raised money and
awareness and worked with the medical teams who didn’t know much at the
time. Dr. Jean Larochelle, who was part of the group that identified the dis-
ease in 1965, would most certainly agree that they were very tenacious! Dr.
Larochelle became a very strong ally for my parents, and this relationship
most certainly explains why GAETQ still works very closely with medical
teams and researchers interested in HT'1.

Then the 1980s were over and a new era came for HT'1 patients. Against
all odds, I had survived with a low-protein diet as the sole treatment
option. But I wasn’t alone; some of my friends had also survived. Of
course, all patients had a damaged liver, and doctors started to fear that
we would develop liver cancer. That’s when GAETQ and I began a new
chapter in our lives. Liver transplant was made available. It was a risky
surgery, but it was our only hope. I clearly remember getting the phone
call saying my friend Simon had received his new liver. I remember all the
phone calls. Each time, it was both scary and exciting. Then the scariest
and most exciting phone call of all came, and it was my turn. During that
period, GAETQ played a crucial role. Families were getting financial help
from GAETQ to support them during the long periods that they had to
spend in Montreal to get the new liver and recover from that challenging
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surgery. The emotional support was also very important. My parents sup-
ported families through job loss, divorce situations and everything else
that comes with a sick child. Sadly, some of us didn’t make it. But still,
GAETQ, i.e. my parents, was there to help and support.

In 1993, shortly after I had received my new liver, another great revo-
lution was made available for HT1 patients who had not yet received a
transplant or were just being born. It was the kind of news that all patients
suffering from an orphan disease wish for. The miracle that my parents
had been waiting for all those years had finally arrived. It was a little too
late for me, but it was going to help so many families. This miracle was
called NTBC better known as nitisinone. We couldn’t pronounce it right,
but it sure accomplished miracles. Again, GAETQ played a very impor-
tant role. We fought hard so that the medicine would be available to all
affected children and covered by the Quebec government. Again, finan-
cial support from GAETQ was very helpful for families who had to travel
to Montreal several times a year to be part of the NTBC protocol. Some
25 years later, close to a hundred patients are being treated using both the
medicine and the low-protein diet. Although cooking remains a daily
challenge for affected families, there finally is a proper treatment for
HT1. Children who first started being treated with nitisinone grew up and
became inspiring adults.

Time passed and I became the happy mother of two amazing children. I did
more than just surviving; I gave birth twice! Now don’t go thinking that I didn’t
have to fight for this. Getting pregnant was the fun part! Getting doctors to agree
to follow my pregnancies was the tough part. This wasn’t my first time scaring
doctors away, and I knew I had to fight for my dream. A high-risk pregnancy pro-
tocol was finally established for my pregnancies and was used for two other
females in my region with whom I share the same story.

Time also passed for GAETQ and we started feeling that families were
doing good and didn’t need our help so much. Kids are growing up, the
medical services are so well organized, and the treatment is well estab-
lished. But then we realized that we could still improve the quality of life of
our members. We also realized that the Quebec situation was unique. Being
born with HT1 in Quebec or in the rest of the world will not necessarily
bring you the same life. And that’s when the idea of organizing an interna-
tional meeting came to our minds. It was a crazy idea, but for some reason,
crazy people decided to live this journey with me. The Tyrosinemia 2015
International Conference was born. I acted as president of the organizing
committee, and I will never thank enough the people who spent numerous
hours supporting me in this experience. Thanks to Gérard Tremblay,
Marielle Gravel, Francine Gauthier, Jean Harvey, Sylvie St-Pierre, Anne
Vigneault and Dr. Guy Parizeault, we were able to get together 250 patients,
researchers, health professionals and doctors interested in tyrosinemia.
Speakers from Montreal, Québec, France, the United States, the Netherlands
and England travelled to Saguenay (Quebec) to share their knowledge and
expertise. Patients travelled from British Columbia, Ontario, the United
States, Africa, India and Australia to meet with us and share their reality.
This book, very much like Tyrosinemia 2015, shows how the HT1 commu-
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nity is always eager to share and learn. This most certainly is a great advan-
tage for patients all over the world but also for experts who are oblivious of
distance and cultural barriers.

Now as much as my future is still to be written, the future of GAETQ is
unknown. But there is one thing that I know for sure: just like my parents
taught me, I will never give up. I will stand up for people affected with HT1
around the world as long as I can. Fortunately, I'm not alone. GAETQ will
advocate for its members as long as necessary, i.e. as long as is needed to find
a cure. Hopefully, I will be there to witness this moment.

GAETQ Janick Tremblay
Québec, Canada

anicktremblay @yahoo.ca

http://gaetq.org/, http://tyrosinemie2015.com/
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Discovery of Hereditary
Tyrosinemia in Saguenay- Lac

St-Jean

Jean Larochelle

Keywords

Liver cirrhosis ® HT1 * Tyrosyluria ¢ Alpha foetoprotein ¢ Diagnosis ©

Charlevoix

Given the interest of many people and families
directly or indirectly affected by hereditary tyro-
sinemia (HT1), I have tried to give my view on
the history of the disease from 1965 to 2015
(Fig. 1.1).

Even if I was a significant actor in this story, I
would like first to point the important contribu-
tions of a number of persons who participated in
the identification, treatment and diagnosis of
HTI. I had the precious support and help of Dr.
Maurice Bélanger, a biochemist, in the identifica-
tion of the metabolic problem and of Dr. Lucien
Privé, pathologist for the anatomo-pathological
analysis of the first patient at Chicoutimi’s hospi-
tal. Dr. Charles Scriver (Montréal) was my first
mentor (Scriver et al. 1967a, b) together with Dr.
Claude Laberge (CHUL, Québec) who initially
showed the founder effect of HT1 in our region
(Laberge 1969; Laberge and Dallaire 1967). Dr.
Luc Bélanger, an MD-biochemist interested in
alpha-foetoprotein (AFP) (Belanger et al. 1973)

J. Larochelle (D)

2855 Le Noblet, Apt 309, Québec, QC G1V 0C6,
Canada

e-mail: larochellejean1 @videotron.ca

© Springer International Publishing AG 2017

also made substantial contributions to the various
therapeutic assays used to improve the “state” of
HT1 patients. Through the years many research-
ers joined us in our search for diagnostic methods
for HT1.

Hereditary tyrosinemia type I is a recessive
hereditary disease caused by a deficiency of the
hepatic enzyme fumarylacetoacetate hydrolase
(FAH), which is involved in the catabolism of
tyrosine. The deficiency causes an accumulation
of metabolic products with a high toxicity in
liver, kidneys and peripheral nerves. Tyrosine is
an amino acid present in animal proteins and to a
lesser degree in plant proteins.

The incidence of the disease in Saguenay-Lac
St-Jean (SLSJ) is high with 1 case for 1846 births
(De Braekeleer and Larochelle 1990) (Fig. 1.2).

On a population of 280,000, it is estimated
that 14,200 persons are carriers thus one person
on 21. Since 1954, approximately 170 babies
were born with HT'1 in the region. One hundred

R.M. Tanguay (ed.), Hereditary Tyrosinemia, Advances in Experimental Medicine and Biology 959,

DOI 10.1007/978-3-319-55780-9_1
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Publication of a case from Japan similar to the disease occurring in SLSJ

A Many newborns have hepatic lesions similar to viral hepatitis and die without any good explanation
Life expectancy of patients: 2-4 months
4 Tyrosyluria observed in 1 patient (possible involvement of tyrosine metabolism)
A Clinical data: Urine smells methionine, tyrosine detected (Millon reaction)
Most patients are from Charlevoix (founder’s effect)
Descriptions of hepatic, neuronal and renal lesions typical to the disease
Meeting with Dr. Scriver
Treatment: diet low in phenylalanine and tyrosine (life expectancy: 2-4 years)
MDr. Larochelle names the disease: hereditary tyrosinemia
4 Foundation of Le Réseau de Médecine Génétique du Québec
All newborns from SLSJ are screened for tyrosinemia
All patients have elevated alpha foeto protein
A Foundation of Sorep and Balzac file with birth and death certificates
A Lindblad identifies the deficient enzyme: FAH
‘N First use of succinylacetone to screen pregnant women
A Foundation of CORAMH, GAETQ and Genetic Counselling in Chicoutimi
A First liver transplantation
A Documentation of neurological crisis in HT1
MFoundation of Genethiq
Lindstead combines diet with NTBC
Identification of the first FAH mutation
Identification of SLSJ main FAH mutation
T Carrier screening is offered
- - - e B p gy e 0 aa 3 LLLLLLl IIIIlIIIIIIIIIlIIIIIIIIIl
IIIIIIIIIIIIII 1L AN BB LELBLELEL L L L IIIIlIIIIIIIIIlIIIIIIIIIl
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Fig.1.1 Time line of HT1 marking events

forty of them died from the disease while the oth-
ers survived as a result of liver transplantation or
due to a special diet in combination with NTBC
(2-(2-nitro-trifluoromethylbenzoyl)-1,3-
cyclohexanedione) a drug that was introduced in
1992 (Lindstedt et al. 1992).

In 1959 and 1960 I was resident at Chicoutimi’s
Hospital and I could observe many newborns that
were hospitalized for fulminant cirrhosis. The
patients had hepato- and splenomegaly, ecchymo-
sis, icteral bleeding suggesting a diagnosis of viral
hepatitis. Urine also had a peculiar smell, which
Dr. Maurice Bélanger attributed to methionine in
1965. All patients died between 2 and 4 months of
age without any logical explanations.

Transitory tyrosinemia of the newborn and
premature was already known. Oculo cutaneous
tyrosinemia (tyrosinemia type II) resulting from

a defect in tyrosine transaminase (TAT) had been
identified and a low tyrosine diet had been suc-
cessfully used as treatment. Phenylketonuria was
treated with a low phenylalanine diet.

In 1957 two Japanese clinical researchers Dr.
K. Sakai and T. Kitagawa described in a medical
journal a patient with cirrhosis, tubulopathy, rick-
ets and tyrosyluria (Sakai and Kitagawa 1957a, b,
1959), features that were similar to those observed
in our patients. A few other observations followed
in the 1960s. In 1963 Dr. Maurice Tremblay
(pediatrician) referred a patient in a particular bad
condition to Dr. Andrew Sass-Kortsak who was
working at the Hospital for Sick Children in
Toronto. The patient died soon after arrival in
Toronto. In line with the observed tyrosyluria, Dr.
Sass-Kortsak wrote in his report that a trouble in
tyrosine metabolism should be investigated. At
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Fig. 1.2 Localization of SLSJ region in Quebec province (Map modified from https://en.wikipedia.org/wiki/
File:Canada_Quebec_relief_location_map.jpg#filelink)
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J. Larochelle

the end of 1964, that is by the end of my training
in pediatrics at St-Justine Hospital (Montréal), I
asked Dr. Maurice Bélanger (Chicoutimi) to order
an amino acid auto-analyzer to measure amino
acids when another patient showed up. On January
2, 1965, the first child hospitalized under my
supervision had all the characteristics of this ter-
rible disease. All amino acids were high and the
Millon reaction, which detects tyrosine, was posi-
tive. This was the ideal situation to look more
deeply at the disease. I decided to examine the
files of all patients deceased at a young age with a
diagnosis of cirrhosis or hepatitis. I also went
through the Index Medicus hoping to find a
description of a disease similar to that observed in
our SLSJ patients. No hits. I followed up with a
familial and environmental study of the families
of patients. In this way I was able to eliminate a
problem of marriage of first cousins in patients
but I noted that most of them came from
Charlevoix (Fig. 1.2). I asked Dr. Lucien Privé,
pathologist, to have a look at the autopsy reports
of newborns deceased with hepatic damages; he
was able to describe the hepato-renal damages
and neurological problems typical of the disease.
With all this information in hand I presented these
cases at the Canadian Association of Pediatry
meeting in June of 1965. I described the history,
biochemistry and anatomo-pathological features
of 29 patients diseased with cirrhosis and hyper-
methioninemia. Many researchers present at the
meeting expressed their interests in the presenta-
tion. This is when I met Dr. Charles R Scriver, a
world authority in genetic and metabolic diseases.
Charles became my mentor. He informed me that
he had given a diagnosis of possible tyrosinemia
in April 1965 in the case of two patients from the
same family that were born in Roberval (SLSJ
region, Fig. 1.2). The diagnosis and diet were rec-
ommended to him by a Norwegian colleague Dr.
Gjessing. In August of the same year, I referred a
patient to Dr. Scriver in Montréal. The patient rap-
idly died and the exams suggested that tyrosin-
emia could be the cause of death. Since no one
had yet been able to prove the cause of the dis-
ease, Dr. Scriver suggested that we measure
amino acids as soon as a newborn baby was sus-
ceptible to have the disease. In December 1965, a

baby girl, sister of a patient who had died earlier,
was born in Chicoutimi. We were able to show
that tyrosine went up in the first week of life, phe-
nylalanine in the second week and methionine in
the third week. A tyrosine defect was therefore
likely to be the first cause of tyrosinemia.

The same year Drs Scriver and Sass-Kortsak
approached Dr. Claude Laberge to make an epi-
demiological study of HT 1as the topic of his doc-
toral thesis. Claude established that a founder
effect in the SLSJ region was at the origin of rare
diseases with a high incidence in the region.
From 1675 to 1850, 600 individuals from Perche
and Normandie (France) settled in Charlevoix,
each family having 10-12 children (Fig. 1.2).
From 1838 to 1911, the opening period of SLSJ,
70% of the 5000 migrants came from Charlevoix.
Since all these immigrants moved with their fam-
ily, it explains why the number of carriers of the
disease is so high.

In March of 1966, I was invited to give a key-
note address in Toronto in which I could present
all the data I had and suggested that this new dis-
ease could be called hereditary tyrosinemia.
From 1965 to 1970, all newborns at Chicoutimi’s
hospital were screened for tyrosinemia by Dr.
Maurice Bélanger. This was probably the first
screening test for HT1 in the world. Later Dr.
Scriver suggested to apply the test to the other
hospitals of the region and even elsewhere in the
province where patients started to be reported. In
1970 Dr. Laberge (Université Laval) and Dr.
Scriver (McGill Universty) founded the Réseau
de Médecine Génétique du Québec (RMGQ).

From 1965, HT1 patients were treated using
a low tyrosine-phenylalanine diet with encour-
aging results. Unfortunately most of them died
of cirrhosis or neurological crises between 2 and
4 years of age with a few exceptions. In the
1970s, Dr. Luc Bélanger devised a number of
therapeutic trials and asked us to contact Prof.
Robert M. Tanguay (CHUL, Québec) to acceler-
ate the identification of the tyrosinemia gene.
Dr. Bélanger also studied the immunological
system of patients in order to evaluate the pos-
sibilities of liver transplantation in the future. In
1970 Dr. Bélanger discovered the presence of
alpha foeto protein (AFP) in the blood of HT1
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patients (Belanger et al. 1973). This discovery
was applied for neonatal diagnosis in the RMGQ
network program. In 1972, Gérard Bouchard
(UQAC) set up the Balzac file that now includes
over three million births, weddings and death
certificates from the beginning of the Nouvelle-
France up to now.

In 1977, Berndt Lindblad (Gothenburg,
Sweden) identified the defective enzyme as
fumarylacetoacetate hydrolase (FAH) (Lindblad
et al. 1977). The next year, Dr. Richard Gagné
(CHUL, Québec) described the use of succinyl-
acetone in amniotic fluids to diagnose HT1 at
16 weeks of pregnancy (Gagne 1978). In 1980,
CORAMH (Corporation de recherche et d’action
sur les maladies héréditaires) was created. This
corporation’s role is to foster research and inform
the population on hereditary diseases. The same
year, Claude Prévost created genetic counceling
in Chicoutimi and Gerard Tremblay founded the
Fondation du Groupe d’Aide des Enfants tyrosi-
némiques (GAETQ). Gerard is still the president
of GAETQ. Given the lack of results of the diet
treatment alone, a first liver transplantation was
done with success. Seventeen of our 20 trans-
planted patients are still doing well. However
they must take anti-rejection drugs and be regu-
larly followed. Many efforts and pressures were
needed to implant the transplantation program at
Ste.-Justine Hospital (Montréal).

In 1990, Dr. Grant Mitchell reports the fea-
tures of neurological crises in a seminal paper in
the New England Journal of Medicine (Mitchell
et al. 1990). The next year Dr. Richard Gagné
creates Genethiq, an inter-university group on
ethics in genetics.

1992 is a key year in HT1 as Sven Lindsted
(Gothenborg) reports that NTBC, a strange com-
pound used for biological warfare, corrects with a
proper diet most of the symptoms of HT'1 and pre-
vents neurological crisis (Lindstedt et al. 1992).
The same year Daniel Phaneuf and Robert M
Tanguay identify the first mutation of FAH in a
French Canadian patient (Phaneuf et al. 1992).
Then in 1994, Markus Grompe (Portland, Oregon)
in collaboration with Prof. Robert Tanguay
(Québec) discover the so-called SLSJ mutation
that maps to chromosome 15 (Grompe et al. 1994).
95.4% of our patients have the same mutation,

which is exceptional and greatly facilitates a non-
costly and easy screening test. Claude Prévost in
1997 presents a project to study the impact of
screening of carriers in SLSJ families. To our sur-
prise 90% of the SLSJ population are in favor of
such screening. The next year the Conseil
d’Evaluation des Technologies de la Santé du
Québec recommends that carrier tests should be
offered to the affected families and even to other
citizens from the region requesting the test.

Thus in 50 years, while a full cure of HT'1 has yet
to be reached, dozens of children have benefited
from liver transplantation and NTBC treatment
combined with a low tyrosine-phenylalanine diet.

I would like to thank all who participated in
the research on HT1, in screening and on treat-
ment of HT1, the various centers in Montréal
(Hospital St-Luc and Ste.-Justine), Québec and
Saguenay for the follow-up of HT1 patients and
the geneticist Dr. Grant A Mitchell who has
supervised the NTBC treatment and distribution
of this orphan drug since its implementation
(Larochelle et al. 2012). I also thank Dr. Guy
Parizeault (Hopital de Chicoutimi) who has taken
charge of my patients since 2001 in SLSJ and our
GAETQ president Gerard Tremblay whose tyro-
sinemic daughter, who has received liver trans-
plantation, gave birth to two beautiful children.

And finally I thank Dr. Robert M. Tanguay and
Dr. Luc Bélanger (Université Laval, Faculté de
medicine, Québec) for the translation and editing
of my recollection of the discovery of HT1 in SLSJ.
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Biochemical and Clinical Aspects
of Hereditary Tyrosinemia Type 1

Geneviéve Morrow and Robert M. Tanguay

Abstract

Inborn errors of metabolism (IEMs) are a group of diseases involving a
genetic defect that alters a metabolic pathway and that presents usually dur-
ing infancy. The tyrosine degradation pathway contains five enzymes, four
of which being associated with IEMs. The most severe metabolic disorder
associated with this catabolic pathway is hereditary tyrosinemia type 1
(HT1; OMIM 276700). HT1 is an autosomal recessive disease caused by a
deficiency of fumarylacetoacetate hydrolase (FAH), the last enzyme of the
tyrosine catabolic pathway. Although a rare disease worldwide, HT1 shows
higher incidence in certain populations due to founder effects. The acute
form of the disease is characterized by an early onset and severe liver failure
while the chronic form appears later and also involves renal dysfunctions.
Until 1992 the only treatment for this disease was liver transplantation.
Since then, NTBC/Nitisone (a drug blocking the pathway upstream of FAH)
is successfully used in combination with a diet low in tyrosine and phenyl-
alanine, but patients are still at risk of developing hepatocellular carcinoma.
This chapter summarizes the biochemical and clinical features of HT1.

Keywords
Hereditary tyrosinemia type 1 (HT1) ¢ Fumarylacetoacetate hydrolase
(FAH) » Liver ¢ Kidney ¢ Hepatocellular carcinoma

G. Morrow * R.M. Tanguay (P<))

Laboratoire de génétique cellulaire et

développementale, Département de biologie Abbreviations

moléculaire, biochimie médicale et pathologie,

Faculté de médecine, Institut de biologie intégrative . L. .

et des systémes (IBIS) and PROTEO, Université ALA  d-aminolevulinic acid

Laval, 1030 avenue de la médecine, Québec, ALAD  §-aminolevulinic acid dehydratase
QCGIV 0A6; Canada BER Base excision repair

e-mail: genevieve.morrow @fmed.ulaval.ca; FAA Fumaryl acetoacetate

robert.tanguay @fmed.ulaval.ca

© Springer International Publishing AG 2017 9
R.M. Tanguay (ed.), Hereditary Tyrosinemia, Advances in Experimental Medicine and Biology 959,
DOI 10.1007/978-3-319-55780-9_2


mailto:genevieve.morrow@fmed.ulaval.ca
mailto:robert.tanguay@fmed.ulaval.ca
mailto:robert.tanguay@fmed.ulaval.ca

G. Morrow and R.M. Tanguay

10

FAH Fumarylacetoacetate hydrolase

GSH Glutathione

HCC Hepatocellular carcinoma

HGA Homogentisic acid

HGO Homogentisic acid oxidase

HPD p-hydroxyphenylpyruvate dioxygenase

HT1 Hereditary tyrosinemia

IEM Inborn errors of metabolism

MAA  Maleyl acetoacetate

MAAI Maleyl acetoacetate isomerase also
known as (€) 1 GSTZI1

OLT Orthotopic liver transplantation

PAH Phenylalanine hydroxylase

SAA Succinylacetone

TAT Tyrosine aminotransferase

TCA Trichloroacetic acid cycle

2.1 Introduction

Inborn errors of metabolism (IEMs) are a group
of diseases (more than 400) in which a single
gene defect causes a block in a metabolic path-
way resulting either in the accumulation of
unwanted metabolites or in product deficiency.
Most IEMs disorders present early in life
although milder forms may remain undetected
until adulthood. Individually they are rare, but
collectively they are common. In Canada, the
incidence of IEMs is estimated at 40/100,000 live
births (Applegarth et al. 2000).

IEMs are classified according to their clinical
features, the type of enzyme involved and their
pattern of inheritance. They include genetic
defects that alter amino acids, lipid and carbohy-
drate metabolisms in addition to mucopolysac-
charidoses, purine and pyrimidine disorders and

porphyrias.

o) O,

Amino acids are the building blocs of proteins
and are a source of nitrogen for biologically
important compounds such as hormones and neu-
rotransmitters. Many IEMs alter amino acid
metabolism such as alkaptonuria, maple syrup
urine disease and homocystinuria. This chapter
focusses on the most severe metabolic disorder of
the tyrosine catabolic pathway, hereditary tyro-
sinemia type 1 (HT1; OMIM 276700) (Mitchell
et al. 2001; Sniderman King et al. 2006) and is
aimed at describing the general biochemical and
clinical aspects of this disease.

2.2  Phenylalanine and Tyrosine
Phenylalanine and tyrosine only differ by the
presence of an — OH group attached to the ben-
zene ring (Fig. 2.1). Hence, tyrosine is also
known as 4-hydroxyphenylalanine. Phenylalanine
normally has two fates in cells: incorporation into
polypeptide chains and hydroxylation to tyrosine
via phenylalanine hydroxylase (PAH). Therefore
phenylalanine degradation follows the tyrosine
catabolic pathway.

Tyrosine is involved in protein biosynthesis
and is also a precursor for neurotransmitters and
hormones. Indeed, tyrosine is involved in epi-
nephrine, melanin and thyroxine synthesis among
others. Together with phenylalanine, they are
considered glucogenic and ketogenic amino acids
due to the products yield by their degradation.

2.2.1 Tyrosine Catabolism

The tyrosine degradation pathway involves five

enzymes that ultimately lead to the conversion of
tyrosine into fumarate and acetoacetate (Fig. 2.2).

H,0 (0]

N

o_

NH; PAH

Phenylalanine

NH?
HO :

Tyrosine

Fig.2.1 Conversion of phenylalanine to tyrosine by phenylalanine hydroxylase. The transformation of phenylalanine

to tyrosine is done by phenylalanine hydroxylase (PAH)
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Glutamate + PMP + H*
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4-Hydroxyphenylpyruvic acid
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NTBC
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OH
Homogentisic acid
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GSH
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Fig. 2.2 Tyrosine degradation pathway. Enzymatic steps
of the tyrosine catabolic pathway. Each enzyme is abbrevi-
ated and the corresponding IEM is written near the “no

symbol. The conversion of 4-maleylacetoacetate (MAA)
and 4-fumarylacetoacetate (FAA) into succinylacetoacetate
(SAA) and then succinylacetone (SA) is depicted as well as

jHGD @ Alkaptonuria

Succinylacetone

8-aminolevulic acid ———— Porphobilinogen
ALAD

the inhibitory effect of SA on ALAD. The site of action of
NTBC is also indicated. TAT tyrosine aminotransferase,
HPD p-hydroxyphenylpyruvate dioxygenase, HGO homo-
gentisate oxidase, MAAI maleylacetoacetate isomerase,
FAH fumarylacetoacetate hydrolase, TCA cycle tricarbox-
ylic acid cycle, ALAD &-aminolevulic acid dehydratase
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The first step is catalyzed by tyrosine amino-
transferase (TAT) and consists in the transforma-
tion of tyrosine in 4-hydroxyphenylpyruvic
acid. TAT uses a-ketoglutarate as the amino
acceptor, which leads to the generation of gluta-
mate. The second step is performed by p-
hydroxyphenylpyruvate dioxygenase (HPD),
which catalyzes the oxidation of
4-hydroxyphenylpyruvic acid to homogentisic
acid (HGA). This product is then oxidized by the
homogentisate oxidase (HGO) into
4-maleylacetoacetate (MAA). The fourth enzyme
of the pathway is the maleylacetoacetate
isomerase (MAAI, also known as glutathione
S-transferase zeta ({) 1 (GSTZI1)), which con-
verts MAA in 4-fumarylacetoacetate (FAA).
The final step consists in the cleavage of FAA in
fumarate and acetoacetate by fumarylacetoace-
tate hydrolase (FAH). The fumarate end product
of tyrosine catabolism feeds directly the tricar-
boxylic acid (TCA) cycle while the acetoacetate
is activated to acetoacetyl-CoA via succinyl-
CoA:3-oxoacid-CoA transferase (mitochondria)
or acetoacetyl-CoA  synthetase  (cytosol).
Acetoacetyl-CoA is involved in the mevalonate
pathway and has a role in cholesterol biosynthe-
sis as well as in ketogenesis.

2.2.2 Diseases Associated
with Enzymes of the Tyrosine
Catabolic Pathway

Of the five enzymes involved in tyrosine catabo-
lism, four are implicated in autosomal recessive
metabolic disorders (IEMs) and seven diseases
have been reported to be associated with this cat-
abolic pathway (Table 2.1).

The defect of TAT, the first enzyme of the
tyrosine degradation pathway, leads to hereditary
tyrosinemia type 2 (HT2, OMIM 276600) (also
called Richner-Hanhart syndrome) (Table 2.1).
HT2 is associated with elevated tyrosine levels in
both blood and urine. The clinical phenotype of
HT?2 includes mental retardation, painful corneal
eruptions, photophobia, keratitis, and painful
palmoplantar hyperkeratosis (Natt et al. 1992).

Mutations abolishing HPD function, the sec-
ond enzyme of the pathway, can result in
Hawkinsinuria (OMIM 140350) or hereditary
tyrosinemia type 3 (HT3, OMIM 276710)
(Table 2.1). Hawkinsinuria develops when only
one HPD allele is mutated (dominant IEM) while
HT3 occurs when both HPD alleles are affected
(recessive IEM) (Tomoeda et al. 2000).
Hawkinsinuria is associated with transient
metabolic acidosis and hypertyrosinemia.
The symptoms improve within the first year of
life but patients excrete hawkinsin in their urine

Table 2.1 Diseases associated with the tyrosine catabolic pathway

Tyrosine/plasma
Enzyme Disease Incidence (pmole/l) Signs
TAT HT2 (OMIM: 276,600) | Rare 370-3300 Keratosis, keratitis,
corneal eruptions,
mental retardation
HPD HT3 (OMIM: 276710) | Very rare 355-640 Mental retardation,
ataxia
Hawkinsinuria Very rare 196 Metabolic acidosis,
(OMIM: 140350) hawkinsin excretion
Transient tyrosinemia 30-50% of up to 2000 Asymptomatic
of the newborn premature baby,
transient
HGO Alkaptonuria (OMIM: | Frequent - Arthritis, ochronosis,
203500) dark urine
MAAI HT1b Very rare 1000 Undefined
FAH HT1 (OMIM: 276700) | Rare to frequent 400-800 Liver and kidney
dysfunctions




2 Biochemical and Clinical Aspects of Hereditary Tyrosinemia Type 1 13

throughout life (Niederwieser et al. 1977;
Wilcken et al. 1981). HT3 is a very rare disease
with clinical phenotype including mild mental
retardation and/or convulsions, and noteworthy,
the absence of liver damage (Tomoeda et al.
2000). Of note, a delay in HPD maturation results
in transient tyrosinemia of the newborn. This
condition is benign and disappears spontaneously
with no sequelae (Mitchell et al. 2001; Russo
et al. 2001).

A defect of HGO, the third enzyme of the path-
way, leads to the first [EM ever recognized, alkap-
tonuria (AKU, OMIM 203500) (Garrod 1902).
This disease is not life-threatening and the usual
consequences are ochronosis (bluish-black dis-
coloration of the tissues) and arthritis (reviewed in
(Vilboux et al. 2009)). The accumulation of HGA
also causes the urine to darken on exposure to air.

Up to now, a deficiency in MAAI has been
suggested twice in literature but it has not been
clearly confirmed (Karnik et al. 2004; Fernandez-
Canon et al. 2002) (OMIM gene ID: 603758). In
both cases, patient developed liver failure and
kidney dysfunction similar to hereditary tyrosin-
emia type 1 (HT1, see below) but with absence of
SA accumulation and the corresponding disease
was therefore called HT1 type b (HT1b). It
remains unclear if MAAI deficiency actually
exists in human patients, especially since there is
an enzyme-independent bypass that allows the
isomerization of MAA in FAA (Fernandez-
Canon et al. 2002).

Finally, the defect of the last enzyme of the
pathway (FAH) causes HT1 (OMIM 276700),
which is a severe progressive liver disease cou-
pled with renal tubular dysfunction (Lindblad
et al. 1977; Mitchell et al. 2001; Russo et al.
2001). HT1 is the most severe disease associated
to the tyrosine catabolism pathway.

2.3  HT1lIncidence

The incidence of HT1 is around 1/100,000 births
worldwide but can be much higher in certain
regions due to founder effects (reviewed in
(Angileri et al. 2015)). The highest incidence of
HT1 is found in the region of Saguenay-Lac-St-

Jean (SLSJ) (Quebec Province, Canada), where
1:1846 children has HT1 and 1:22 individual is a
carrier of a disease allele (De Braekeleer and
Larochelle 1990; Grompe et al. 1994; Poudrier
etal. 1996) (See Larochelle, Chap. 1). The splice
mutation ¢.1062+5G>A (IVS12+5G—A) is the
most frequently found mutation within this popu-
lation (~90% of the HT1 reported allele) and
accounts for approximately one third of all HT'1
reported alleles worldwide (Grompe et al. 1994;
Poudrier et al. 1996; St-Louis and Tanguay 1997;
Angileri et al. 2015).

A second mutation cluster of HT1 is found in
Scandinavia, most precisely in the Finnish popu-
lation of Pohjanmaa where 1/5000 individual is
affected by HT1 while the overall incidence of
HTI1 in Finland is 1/60,000 (Kvittingen et al.
1981; Mustonen et al. 1997; St-Louis et al. 1994).
The most frequent HT1 reported allele in Finland
is ¢.786G>A (p.W262X) which represents ~88%
of the reported alleles in nine out of ten alleles in
this country (St-Louis et al. 1994). A third cluster
of HT1 occurs in an immigrant population from
Pakistan living predominantly in Birmingham
(United Kingdom) (Hutchesson et al. 1998). HT1
alleles have been reported all over the world
except in Central America and on the Oceania
continent (Angileri et al. 2015) (See Morrow
et al. Chap. 3).

2.4  FAH, the Deficient Enzyme

in HT1

The FAH gene is located on the long arm of chro-
mosome 15 at position 25.1 (15g25.1; base pairs
80,152,890 to 80,186,581) (Phaneuf et al. 1991).
The corresponding protein (FAH, E.C. 3.7.1.2) is
a metalloenzyme for which the structure has been
determined by crystallography (Timm et al.
1999; Tanguay 2002; Bateman et al. 2007,
Bateman et al. 2001). FAH is a cytosolic homodi-
meric enzyme of two 46 kDa subunits, which is
mainly expressed in liver and kidneys. It is also
expressed in other tissues, such as fibroblasts,
amniocytes, chorionic villi, erythrocytes and
oligodendrocytes, albeit at a lower level. As the
last enzyme of the tyrosine catabolic pathway,
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FAH catalyzes the conversion of FAA into fuma-
rate and acetoacetate (Phaneuf et al. 1992;
Tanguay et al. 1990) (Fig. 2.2).

Ninety-eight mutations have been reported to
cause HT1 and their occurrence worldwide has
been recently compiled (Angileri et al. 2015).
The most common FAH mutation causing HT1
are ¢.1062+5G>A (IVS12+5G>A) followed by
c.554-1G>T (IVS6-1G > T) and ¢.786G > A
(p-W262X) (See Morrow et al. Chap. 3).

2.5 Biochemical Features of HT1
The deficiency of FAH was originally associated
with increased levels of hepatic transaminases, as
well as increased plasma levels of tyrosine, methio-
nine and phenylalanine and with urinary elevated
concentrations of tyrosine metabolites (p-hydroxy-
phenylpyruvate, p-hydroxyphenyllactate and
p-hydroxyphenylacetate) (Table 2.2).
Hypertyrosinemia can be caused by numerous
other conditions affecting the liver and is also a
feature of transient tyrosinemia of the newborn, a
condition that resolves spontaneously without
significant damages (Mitchell et al. 2001; Russo
et al. 2001) (Table 2.1).

HT1 patients usually present with high levels
of plasma a-fetoprotein (AFP) and most impor-
tantly with high levels of succinylacetone in
plasma and urine (SA) the only valid prognosis

Table 2.2 Clinical characteristics of HT'1

marker of HT1. The latter metabolite is widely
used for HT1 screening and its presence can be
directly linked to the lack of FAH activity. Indeed,
the absence of FAH results in the accumulation
of FAA and MAA, which are then reduced in
succinylacetoacetate (SAA) (Fig. 2.2). The sub-
sequent decarboxylation of SAA is responsible
of the observed succinylacetone (SA).

FAA and SA are the most damaging metabo-
lites resulting from FAH deficiency and consider-
able efforts have been made to find by which
molecular mechanisms these compounds act to
produce the severe phenotype seen in HT1 (See
Tanguay et al. Chap. 4).

2.5.1 Overview of FAA Toxicity

FAA is an electrophilic compound that has been
suggested to damage DNA. While a direct effect
on DNA remains to be demonstrated, it was
shown to be mutagenic in a cell assay, albeit at a
much lower level than classical mutagens
(Tanguay et al. 1996). FAA induces genome
instability through activation of the ERK path-
way (Jorquera and Tanguay 2001). Moreover, it
induces cell cycle arrest and apoptosis through
glutathione (GSH) depletion (Jorquera and
Tanguay 1997, 2001). Hence, GSH, a major actor
of redox homeostasis, was shown to reduce FAA
mutagenicity in cultured cells (Jorquera and

Symptoms Biochemistry Pathology

Vomiting Tyrosinemia Liver cirrhosis
Diarrhea Methioninemia Fanconi syndrome
Muscle weakness Hyperbilirubinemia Peripheral neuropathy
Hepato-splenomegaly Hypoglycemia Hepatocarcinoma (HCC)
Jaundice Hypoproteinemia Renal tubule dilatation
Cabbage smell Hypothrombinemia Rickets
Auto-mutilation Aminoaciduria Hypertrophy pancreas
Fever Succinylacetonuria

Anemia Tyrosyluria

Irritability Glucosuria

Ascites Phosphaturia

Bleeding Alphafoetoprotein

Paralysis Anemia

Hypotonia Hematuria
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Tanguay 1997, 2001) and to rescue neonatal
death in the fah knockout model of HT'1 (Langlois
et al. 2008). At the cellular level, the stress caused
by FAA accumulation was also shown to induce
the unfolding protein response (UPR) in the
endoplasmic reticulum (Bergeron et al. 2006).

In an interesting study, FAA was shown to
inhibit 6 of the 7 human DNA glycosylases
involved in DNA base removal during base exci-
sion repair (BER) (Bliksrud et al. 2013). This is
in agreement with a previous report showing that
the expression of DNA glycosylase OGG1 and
the nucleotide excision repair protein ERCCI,
was reduced in lymphocytes of two HT1 patients
(van Dyk et al. 2010). Preventing DNA repair by
the BER pathway, would favor accumulation of
oxidative damage to DNA resulting in increased
potent mutagenic lesions. Noteworthy, GSH
depletion due to FAA accumulation is likely to
affect DNA repair indirectly as redox homeosta-
sis is also important for this process (Langie et al.
2007; Storr et al. 2012).

2.5.2 Overview of SA Toxicity

Contrary to FAA, SA has no mutagenic effect on
DNA (Tanguay et al. 1996) nor was it shown to
have any inhibiting effect on human DNA glyco-
sylases (Bliksrud et al. 2013).

The toxicity of SA mostly relies on its ability
to be a competitive inhibitor of d-aminolevulinic
acid dehydratase (ALAD), the enzyme responsi-
ble of the conversion of d-aminolevulinic acid
(ALA) in porphobilinogen, which is precursor of
heme synthesis (Fig. 2.2). This inhibition results
in the accumulation of ALA and its excretion in
urine. ALA has been associated with mitochon-
drial toxicity, liver toxicity, liver cancer, and neu-
ropshychiatric problems. Indeed, it lowers heme
levels for cytochrome/hemoproteins synthesis
and increases mitochondrial iron levels, resulting
in heme deficiency, down regulation of mito-
chondrial cytochrome oxidase and overall mito-
chondrial toxicity (reviewed in (Lee and O’Brien
2010)). Accordingly, SA is widely used as a
heme synthesis inhibitor to create a mitochon-

drial iron-loading model that is similar to the
mitochondrial iron loading found in Friedreich’s
ataxia (Lee and O’Brien 2010; Richardson et al.
2001).

At the tissue level, SA causes dysfunction of
kidney membrane transport by altering mem-
brane fluidity and possibly disrupting normal
structure. Indeed, it was shown to cause renal
tubular dysfunction in normal rat kidneys, mim-
icking human Fanconi syndrome (Roth et al.
1991; Wyss et al. 1992; Tanguay et al. 2009).

2.6 Clinical Features of HT1

HT1 is characterized by progressive liver disease
and renal tubular dysfunction leading to hypo-
phosphatemic rickets. Moreover, it is the IEM
with the highest incidence of hepatocellular car-
cinoma (HCC) (Schady et al. 2015) (Table 2.3).
HT1 is categorized into three main clinical types
(acute, subacute and chronic) based on the age of
onset and the clinical manifestations (Tanguay
et al. 1990; Mitchell et al. 2001; van Spronsen
et al. 1994).

2.6.1 Acute, Subacute and Chronic

Forms of HT1

The acute form of HT1 has an onset before
2 months of age and is mainly characterized by
severe liver failure associated with cirrhosis, hep-
ato- and spleno-megaly, abnormal blood coagula-
tion and hypoglycemia leading to death in the
first months of life (Table 2.3). Renal tubular dys-
functions such as Fanconi syndrome and rickets
have also been considered hallmarks of HT1
(Mitchell et al. 2001; Russo et al. 2001). The sub-
acute form is similar to the acute form but symp-
toms appear between 2 and 6 months (van
Spronsen et al. 1994) (Table 2.3).

The chronic form is initially less aggressive
and presents after 6 months of age. While its
onset is insidious and progressive, renal manifes-
tations, such as proximal tubulopathy, are promi-
nent and may even be the presenting problem
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Table 2.3 Distinctive features of each HT1 forms

Acute Subacute Chronic
Age at manifestation 0-2 months 2—-6 months After 6 months
Progression Fast Fast Slow
Life expectancy when 0-1 year 0-1 year 0-10 years
untreated
Characteristic symptoms Severe hepatic dysfunction | Rickets Cirrhosis

Hepatomegaly

Failure to thrive Renal tubular

Dysfunction
Easy bruising Growth retardation

Abnormal blood Hepatomegaly

coagulation
Main cause of death Liver failure HCC HCC

Recurrent bleeding Liver failure Porphyria
Extent of mutation Low (1.6%) Low to moderate (22%) Moderate (36%)
reversion
FAH activity Absent Absent to residual Residual

Data in the table are based on the following papers: (Demers et al. 2003; Tanguay et al. 1990; van Spronsen et al. 1994).

(Table 2.3). Patients show impaired renal tubular
reabsorption functions leading to Fanconi syn-
drome, renal tubular acidosis, generalized amino-
aciduria, hypophosphatemic vitamin D-resistant
rickets and growth retardation (Paradis et al.
1990; Russo and O’Regan 1990; Fernandez-
Lainez et al. 2014; Forget et al. 1999).

2.6.2 High Incidence of HCCin HT1

HT1 is characterized by gradual liver alterations
leading to cirrhosis and HCC development. In
fact, the risk of developing HCC in HT1 is con-
sidered the highest among all metabolic disorders
(Russo et al. 2001; Schady et al. 2015). In an
early study, HCC was reported in 37% of HT1
patients over 2 years of age (Weinberg et al.
1976) but subsequent studies in Scandinavia (van
Spronsen et al. 1989) and in Quebec (Russo et al.
2001) showed a lower frequency of HCC (~15%)
likely due to the advent of transplantation and
improved treatment. In addition to be at high risk
of developing HCC, HT1 patients develop them
earlier then patients having other diseases (often
before 5 years of age) (Schady et al. 2015) (See
van Ginkel et al. Chap. 9).

2.7 Diagnosis of HT1

As mentioned above, the deficiency of FAH
gives rise to elevated plasma concentrations of
amino acids such as tyrosine and methionine as
well as excretion of unusual tyrosine metabo-
lites like SA (Mitchell et al. 2001; Russo et al.
2001) (Table 2.2). Although elevated levels of
tyrosine and plasma AFP are indicative of HT1,
the most reliable biochemical diagnostic marker
consists in the presence of SA in urine, blood
and amniotic fluid (Grenier et al. 1976; Grenier
et al. 1982). In Quebec, where a high incidence
of HT1 is observed, a neonatal screening pro-
gram for the disease has been established in
1970 and consists of measuring SA levels in
dried blood spots. Tandem mass spectrometry
(MS/MS) is now used as a sensitive and rapid
method, for screening HT1 by measuring the
level of SA (Allard et al. 2004). Prenatal bio-
chemical diagnosis can also be done by mea-
suring the level of SA in amniotic fluid sampled
between the 14th and 16th weeks of pregnancy
(Grenier et al. 1996; Jakobs et al. 1990).
However, some false-positives have been
reported using this method.
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An enzymatic assay based on FAH activity
measurements on cultured fibroblasts, blood, or
liver specimen has also been used for diagnosis
(Kvittingen et al. 1981, 1983). However, this
method is less reliable on liver specimen as some
HT1 patients have mosaic expression of FAH in
their liver due to reversion of the mutation
(Demers et al. 2003; Kvittingen et al. 1993, 1994;
Poudrier et al. 1998).

Genetic diagnosis tests are also performed
when the family history or the origin of the
patient suggests that one parent may be a carrier
of the disorder. This kind of test has been facili-
tated by the technological progress achieved in
the past decade and the identification of predomi-
nant mutations in certain ethnic groups (Angileri
et al. 2015). The best example of this is the
genetic screening test that was designed to detect
the most common mutation found in HTI1
(c.1062+5G>A, IVS12+5G—A) (Grompe and
al-Dhalimy 1995). The method is based on the
amplification of the genomic DNA region con-
taining the mutation by PCR followed by enzy-
matic cleavage of the amplified sequence in order
to distinguish the mutated allele from the wild-
type sequence. Similar molecular tests have since
been developed for most mutations and can be
performed on blood, chorionic villi or cultured
amniocytes. However, with the improvement of
new sequencing technologies, it is becoming
very simple to perform the FAH gene
sequencing.

2.8 Treatment of HT1

2.8.1 Restrictive Diet

Before 1990s, there was no treatment available
for HT1 except liver transplantation. Patients
were following a restrictive diet with low phenyl-
alanine and tyrosine intake. While this was ben-
eficial at the beginning, it was not fully preventing
ulterior liver damage and renal dysfunction.

2.8.2 Orthotopic Liver
Transplantation

Orthotopic liver transplantation (OLT) is per-
formed in the most severe HT1 cases due to the
risks associated to the surgery. OLT is essentially
curative but does not fully correct metabolic per-
turbations in HT1 since kidneys continue to
excrete SAA, SA and ALA in urine (Fernandez-
Lainez et al. 2014; Tuchman et al. 1987; Pierik
et al. 2005; Bartlett et al. 2013). Only half of liver
transplanted patients show partial improvement
of renal function but still, altered kidney size and
architecture persists (Paradis et al. 1990;
Fernandez-Lainez et al. 2014; Forget et al. 1999)
(See Alvarez and Mitchell Chap. 5 and
McKiernan Chap. 7 on liver transplantation).

2.8.3 NTBC

NTBC (2-(2-nitro-4-trifluoro-methylben-
zyol)-1,3 cyclohexanedione, Nitisinone) was first
used in 1992 (Lindstedt et al. 1992). It acts by
inhibiting the second enzyme of the tyrosine cat-
abolic pathway, HPD (Fig. 2.2). The advantage
of blocking the pathway at this step is that there
is no accumulation of FAA and MAA and there-
fore no accumulation of SA either. Moreover, as
mentioned in Sect. 2.2 no liver damages are asso-
ciated with inhibition of HPD in HT3.

The use of NTBC combined to the low tyro-
sine/phenylalanine diet has proven to be very effi-
cient in preventing HT1 progression, by curing
both liver and kidney dysfunctions (Larochelle
et al. 2012; Bartlett et al. 2014). It is very efficient
particularly when introduced early in life
(Larochelle et al. 2012), but it is still unsure if it
will be sufficient to prevent problems on a long-
term basis. For instance, failure to respond to
NTBC has been reported in one child (Mohan
et al. 1999) and high risks of HCC have been
reported when NTBC is introduced after 2 years of
age (McKiernan 2006; van Spronsen et al. 2005)
(for more information on NTBC see Maiorana and
Dionisi-Vici Chap. 8 and Lock Chap. 16).
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29 Concluding Remarks

HT1 is a severe liver disease that should be
detected at the earliest to be treated effectively.
The management of this disease has been revolu-
tionised by the introduction of NTBC (de Laet
et al. 2013), but the venue of alternative/comple-
mentary treatments will be of upmost importance
due to difficulties to fully comply to the restrictive
diet for some patients and the high cost of
NTBC. It is also important to favor newborn
screening programs for the early detection of HT'1
patients whenever possible. Such screening is
inexpensive and should prevent late intervention
when liver damage has already been done. Finally
additional basic research is still needed to unveil
the pathogenic mechanisms involved in HT1.
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Molecular Aspects of the FAH
Mutations Involved in HT1 Disease

Genevieve Morrow, Francesca Angileri,
and Robert M.Tanguay

Abstract

Hereditary tyrosinemia type 1 (HT1) is caused by the lack of fumarylace-
toacetate hydrolase (FAH), the last enzyme of the tyrosine catabolic path-
way. Up to now, around 100 mutations in the FAH gene have been
associated with HT1, and despite many efforts, no clear correlation
between genotype and clinical phenotype has been reported. At first, it
seems that any mutation in the gene results in HT1. However, placing
these mutations in their molecular context allows a better understanding of
their possible effects. This chapter presents a closer look at the FAH gene
and its corresponding protein in addition to provide a complete record of
all the reported mutations causing HT1.

Keywords
Hereditary tyrosinemia type 1 (HT1) e Fumarylacetoacetate hydrolase
(FAH) * Mutations
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Amino acid catabolism provides nitrogen for the
synthesis of biologically important compounds
like hormones and neurotransmitters as well as
energy for the cell. This process occurs mainly in
the liver and kidneys and the enzymatic pathway
involved depends on the nature of the amino
acid.

Phenylalanine and tyrosine are important for pro-
tein biosynthesis and intermediates in the biosynthe-
sis of catecholamines. They are both catabolized
through the tyrosine degradation pathway, which
converts tyrosine into fumarate and acetoacetate,
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c.192+1G>T ¢.1180+1G>A
c.82-1G>A C.553+5G>A
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c.607-6T>G c.837+2T>C  C-913+5G>A c.1063-1G>A
c.607-1G>A ¢.960q1130_*1260q10539del18036

Fig.3.1 Schematic representation of the FAH gene region and the corresponding protein. The location of the 98 muta-
tions identified on the FAH gene is presented. E exon, / intron

two substrates of the mitochondrial tricarboxilic
cycle (TCA cycle) (see Chap. 2).

Fumarylacetoacetate hydrolase (FAH, E.C.
3.7.1.2) is the last enzyme of the tyrosine degra-
dation pathway containing 420 amino acids in a
homodimeric form (Mahuran et al. 1977; Phaneuf
et al. 1991). Up to now, close to 100 mutations in
the FAH gene have been associated with heredi-
tary tyrosinemia type 1 (HT1; HGMD®
Professional 2016.1, accessed on April 2016)
(Fig. 3.1) (Angileri et al. 2015). Despite multiple
efforts, no clear link between mutation (geno-
type) and HT1 phenotype has been found. This
chapter will focus on molecular aspects of the
FAH gene and its corresponding protein in addi-
tion to give a complete listing of all the mutations
identified to date.

3.2  Architecture of the fah Gene
The FAH gene is localized on chromosome 15
(15923-25) and consists of 14 exons spanning
over 35 kb of DNA (Awata et al. 1994; Labelle
et al. 1993; Phaneuf et al. 1991) (Fig. 3.1). All
exon-intron junctions possess the 5" splice donor
(gt) and 3’ splice acceptor (ag) consensus sequence
and the major splicing product of the FAH gene
results in an mRNA of 1260 coding nucleotides
(Labelle et al. 1993). Table 3.1 summarizes the
length of exons and introns and the number of
HT1 mutations found in each of these elements
while Fig. 3.1 is a schematic representation of the
FAH gene region and protein. Exons 9 and 12 have
the largest clusters of HT1 disease-causing FAH
mutations. Interestingly both of these exons con-
tain metal and substrate binding sites.
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Table 3.1 Characteristics of FAH gene and its corresponding protein
Number of Number of amino
Region nucleotides acids Protein features® Number of mutations
Exon 1 81 27 N-terminal domain (PF09298) 3
N-acetylserine in position 2
Intron 1 4924 - - 1
Exon 2 111 37 N-terminal domain (PF09298) 4
Intron 2 1585 - - 1
Exon 3 122 41 N-terminal domain (PF09298) 2
Phosphoserine in position 92
Intron 3 532 - - 1
Exon 4 50 16 N-terminal domain (PF09298) 0
Intron 4 1786 - - 1
Exon 5 91 31 FAH C-terminal domain 7
(PFO1557)
Active site, Hxx... region
Substrate binding
Dimerization
Intron 5 5715 - - 0
Exon 6 98 32 FAH C-terminal domain 8
(PFO1557)
Dimerization
Intron 6 114 - - 3
Exon 7 53 18 FAH C-terminal domain 2
(PFO1557)
Metal binding
Dimerization
Intron 7 3832 - - 2
Exon 8 100 33 FAH C-terminal domain 9
(PFO1557)
Metal binding
Intron 8 765 - - 2
Exon 9 131 44 FAH C-terminal domain 13
(PFO1557)
Metal binding
Substrate binding
Intron 9 1871 - - 2
Exon 10 76 25 FAH C-terminal domain 3
(PFO1557)
Intron 10 2445 - - 2
Exon 11 47 16 FAH C-terminal domain 1
(PFO1557)
Phosphoserine in position 309
Intron 11 2540 - - 1
Exon 12 102 34 FAH C-terminal domain 13
(PFO1557)
Substrate binding
Intron 12 816 - - 2

(continued)
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Table 3.1 (continued)

Number of Number of amino
Region nucleotides acids Protein features® Number of mutations
Exon 13 118 39 FAH C-terminal domain 9
(PFO1557)
Active site, ...xxE region
Intron 13 4970 - - 1
Exon 14 213 26 FAH C-terminal domain 5
(PFO1557)
Phosphotyrosine in position
395

4Based on Uniprot, PFAM and (Ran et al. 2013; Timm et al.

3.2.1 Fah Alternative Transcripts

Two minor alternative splicing products of the
FAH gene have also been found in normal fibro-
blasts, namely dell00 and del23] (Dreumont
et al. 2005).

The dell00 transcript lacks exon 8 and, as a
consequence, the reading frame is shifted and a
premature termination codon (PTC) appears in 3’
end of exon 10. While this transcript is subjected
to nonsense-mediated mRNA decay (NMD), a
small part of it is transcribed into a protein that
shares the first 202 amino acids with FAH and as
a stretch of 67 amino acids completely different
in the C-terminal. The pattern of DEL100 expres-
sion differs from the one of FAH and its function
remains unknown (Dreumont et al. 2005).

The del231 transcript is less abundant than
dell100 and lacks exons 8 and 9. The correspond-
ing protein should be similar to FAH except for
the 77 amino acids encoded by both exons. While
this transcript is not subjected to NMD, the cor-
responding protein has never been observed
(Dreumont et al. 2005). The identification of this
transcript has led to the hypothesis that intron 8
would be removed before introns 7 and 9 during
normal FAH splicing (Dreumont et al. 2005).

The biological relevance of these two minor
transcripts has not been demonstrated further.
Interestingly, the abundance of del100 and del231
transcripts changes in presence of mutations
affecting splicing donors/acceptors sites (Q279R,
¢.707-1G>A, ¢.707-1G>C) or enhancer elements
(N232N, V259L) and in presence of the nonsense
mutation W262X (Table 3.2) (Dreumont et al.

1999; Bateman et al. 2001, 2007)

2001, 2004; Perez-Carro et al. 2014; Morrow
et al. submitted).

3.2.2 Splicing Mutations

Up to now, 25 FAH mutations associated with
HT1 phenotype have been reported to affect
splicing (Table 3.2). Among these, four are
located at the exon side of the exon/intron junc-
tion (p.Q64H, p.Q279R. p.P281P and p.G305R)
and three others are located within exons 8, 9 and
12 (p.N232N, p.V259L and p.G337S). While
these later mutations do not alter core sequence
elements of splicing, they are probably modify-
ing exonic splicing enhancers (ESE) or silencers
(ESS) sites. The importance of these sites in
splicing efficiency is gaining increasing support
(reviewed in Ward and Cooper 2010) and it was
recently shown that 20-45% of pathogenic single
nucleotide polymorphisms (SNPs) affect splicing
(Wu and Hurst 2016). It is therefore likely that

other HTI1 causing mutations may affect
splicing.
3.3  FAH Protein

FAH forms a homodimer that catalyzes the
hydrolytic cleavage of a carbon-carbon bound in
fumarylacetoacetate (FAA) to yield fumarate and
acetoacetate. It is the first member of an expand-
ing family of metalloenzymes characterized by a
unique o/p fold and involving a Glu-His-water
catalytic triad (Timm et al. 1999). Orthologs of



29

3 Molecular Aspects of the FAH Mutations Involved in HT1 Disease

(panunuoo)

F86ED UM POUIqUIOD UIYM KJATIOR H V. SISBAIOdP

9m se AjAnoe pue AIqnios swes :urjoid JUBUIqUIOINY 61/68 210509 dq €9
(panTwiqns) [e 3o MOLIOJ PUe (GT0T) 'T€ 12 LoISuy 1| (duosuen [¢Z[op) 6 pue § suoxa jo SurdIds 10ape APYSIS T6STA'd/D<DGLLD | +1
{ uonur jo 91s 10)doooe 2o11ds oy jo uoneIN Y uonoun( 6/8]
(2007) "Te 10 Sojadg pue (8661) '[& 12 uewsog 91 (duosuen [€7op) 6 Puk § SUOXd SUNde] YN YW = /(QO<DT1-8SAD D<DI-LOLD | €I
(1100) Te 10 g uonur Jo A1s 103dosoe 2o11ds 2y Jo uoneIN Y wonounf ¢g/31
zenwy pue ‘(110g) Te 12 910D “(Z00T) & 10 ZuBLY €l (iduosuen 1€Z[ep) 6 PuE § SUOXD SUDOR] YNYW — /(V<DI-8SAD V<DI-LOLD | TI
(PA1pa1d gSH Jo UONEI[E pUE UOTIBAID) QI/% 210Joq dq 1
(9661) 'Te 19 [AIsWy ueA SO0[J I (dudsuen 0O [1op) § UOXd FUndL] YN YW NTETN'd/1<09692 | 11
uonoun( gg//1
(9007) ‘e 10 Sury uLwWIOPIUS ¢ urejo1d 1o YN YU U0 BIEp [eIuawLadxa ON —/(D<L9-LSAD D<19-L09 | 01
A1s 2017ds 103doooe 2] JO JIYS € 0) NP § UOXD uonoun( §7//1
LAOD (9661) T8 12 [ISUIY UeA S00]d 9| Jo Suruursaq ay) 1e O I[IUIS ¥ O UOHI[IP © FuLIeaq YNYW — [(V<DI-LSAD V<DI-L09| 6
(0100) 'T& 12 BAOYORIPUOA PUE (9661)
adworn pue s1owwLy, “(9661) Te 10 2100 ‘(6661)
e 19 10LPNOJ (9661) T8 19 [MISWY UBA S00[J (€10T)
“Te 39 0[zseT *(1107) T8 19 BIRIA B “(000T) T8 10 Wy iduosuen
“(1102) ‘Te 32 unsang “(T107) ‘Te 32 2on0)) “(8661) 'Te 12 JISU)O 3} UI § UOXA [[B pue 1dLIOSURI) QUO UI ISO[ oIk U ¢ ] ISIY uonoun( /g/97
uewsIog (z00g) ‘Te 0 Zuelry {(§10¢) ‘e 19 LIo[Isuy SGT | Ay AJ[EUONIPPE :/ UOXA JO IU G TUIL] [[& YN YU JOUNSIp ¢ (L<DI-9SAD L<DI-#SSD| 8
Jussqe urjold uonoun( /7/91
(8661) 'Te 10 uewWSIog I VNYW uo ejep [ejudwiiadxe oN = /(O<DI-9SAD D<DI-¥SS2| L
uonounl 91/97
(9661) odworn pue srouwwy, I urao1d Jo 90udsqe ‘YNYUW [PUIOUqY | — /(V<DS + 9SAD V<DS + €662| 9
s Jouop Jurdnds ysijoqe A[a19[duiod 03 pajoipaig uonoun( 1/p
(1100) T8 19 zenwy 8 urajo1d 10 YN uo erep euowriiadxe oN | — A(V<OT + $SAD V<DI +$9¢9| ¢
uonounf yg/¢]
(1102) T8 1o unsinq 8 ura01d 10 YN uo eiep [ejusuiiradxd oN = /(D<DE-€SAD D<DE-SIED | +
uondunl zi/zq
(8661) 'Te 10 uewSIog I urojoxd 10 YN YW U0 ejep [eiuawiiadxo oN = /(I<OT + TSAD I<DI1 +261°| ¢
(9102) 'Te 10 zel[ pue urdjo1d JO Q0UIsqe ‘SPIOE OUTWE ASUASSIUI ¢ 19)Je D) d pue uonounl zy/zq
(ST0T) T8 12 LR[ISUY ‘(9661 “BFE61) T2 12 1[oMI00Y 1| ¢ uonut woly qd 46 Jo uonudal ‘YN YU JO [9AI] paseatda(] H#90'd/1<DT6172| T
uonounl zg/11
(#107) ‘T2 10 011R)-Z010 I AN £q papessep A[qeqord Juasqe YN —/V<DI-C89| 1

SQIURIAY

S9[o[[e [.LH

uonewLIojuy

uoneso] urjold/yNgo

9SeasIp [ LH Ul paAs[oAul suoneinw Surolds '€ ajqeL



G. Morrow et al.

30

(T10€ 'Te 32 zenwry) ur 18z, s paroday,

(600 T 30 1owsa() Jopur Surords uewnH Yim opeut UOIIPAId,

(STOT '[B 19 LR[ISUY) UL Y<O[-CHH0 St porodoy,
dnoi3 Apmis [ 1H 99qonQ)/21uipuisoll) vy ap apnia, p s1002qanb adnoin) 1705

uonounf €11/€14
1409 4 urojoxd 10 YNR[W Uo Bjep [ejuawradxa oN —/V<OI + 08112/ ST
SISATeU® OJI[IS UI SUIMO[[O]
stoyine Yy £q 911s 103doode Ay ysijoqe o) paysassng wonoun( ¢[H/z 11
(€100) T2 12 YeN [4 ura)01d 10 YNJW Uo ejep [ejudwidxe oN — /(V<DI-TISAD V<DI-€901 | #T
LAOD (0107) '[e 19 BAONORIPUOA
PuE “(9661) 2dwoIn pue s1owrwiy, ‘(9661 Pr661) e 10
1[9M100Y ‘(9661) ‘T8 12 J_LIPNod (9661) ‘T8 12 [AIswuy syuaned ur pajoaiep urajord oN
NSMW/ MooE Mwwﬂwﬂ% HM otdov..NMme WMWSWN ™ Hw 21 uonur jo uonuaial ared aseq OT © ImM duQ
oo WL (661 -c66T) AUEG v pu st €1 pUe 21 suoxs Supjav] uQ
(1102) Te 12 unsing “([107) "Te 12 210D (8661) Te 10 Tl UOX2 BUp{oE| U0 uondunl Z11/z1d
uewsiog (007) ‘e 19 Zuelry (§10¢7) e 1o Le[isuy S0€ VNYJW 0UBSIp ¢ | = /(V<DS + TISAD V<DS + 7901 | €T
syuaned ur pajoalap urjord oN
jduosuen [ewtiou auQ
(S661) 1810
SIOTIS PUE (9661 “AH661) ¢ 10 JPMI00H “(8661) 2T uonur woiy sapnoapnu o1 snd gT uoxa e Suraey oauQ
[BART] pUB OWR[Y-01RL “(+10T) '[E 12 DIUe-IYSIySeH C1 UOXa JO S9pnoajonu (g Is1y SuLyor| UQ TIH JO PPN
“(Z10T *S00T) Te 30 prisyI[g (8661) ‘T& 12 uewsiog 0¢ VNYW 10unsip ¢ SLEED d/V<D6001 ™ | TT
Surorfds 1] UOXd JO UOTEIAE J[qQISSO] vonoun( [ [5/011
(200?0) T8 19 ZURLY I ur)01d 10 YNJW o eep [eyudutadxe oN = (I<VT-0ISAD I<VC-¥167 | 1T
uonoun( 0T1/014
#102) T8 30 104D I urejoxd 10 YNRW Uo ejep [ejuawiadxa oN —/V<DS+ €162 | 0T
uonounf 011/014
(¥100) '8 10 011B)-Z319q ! 0T Uoxe Sun{oR] YNYU AS0£D'd/D<DET672 | 61
(pA0IpaId SH JO UONRIA)E PUB UONERAI) wonounl OTH/6I
(1107) ‘Te 10 Zenwy z ur)oxd 1o wNW uo eiep [epuduiadxs oN d18Td'd/V<D €789 | 81
uonounl O 14/61
(T00T) 'Te 32 WeaH pue (G10T) e 10 LR[Isuy [4 ure)01d 10 YNJW o eep [ejudwidxe oN (D<VT- 6SAD D<VT-8€82 | LI
uonounf 61/65
(1100) "Te 10 unsinq 4 uraj01d 10 YN W uo elep [ejuswtadxa oN — /(O<LT + 6SAD O<LT + LEYD | 91
($107) 'I® 10 OLIB)-Z210g 1M se AJIATIOR pue AJI[Iqnos aures :urdjoid JUBuIquIoday] uonoun( 61/68
pue “(0007) T8 1 Wy “(1002) T8 19 Juownai [4 (iduosuen 1¢Z[9p) 6 PUE § SUOXD SULOL] VNYW A6LTOd/D<V9¢82 | ST
SQOURIRJAY | SO[A[[E [LH UOT)BULIOJUT uonedo[ urdjord/ YN

(ponunuoo) z'g a|qeL



3 Molecular Aspects of the FAH Mutations Involved in HT1 Disease 31

FAH are found in different species and share a
high degree of homology (Fig. 3.2). The protein
can be separated in two distinct domains; the
FAH N-terminal domain and the FAH C-terminal
domain.

3.3.1 FAH N-Terminal Domain

The N-terminal domain of FAH consists of ~100
residues that are encoded by exons 1-4 (Timm
et al. 1999) (Pfam: PF09298, InterPro:
IPRO15377) (Fig. 3.3a). Little is known about
this structural domain except that it forms a struc-
ture consisting of an SH3-like barrel. This
domain is not involved in dimerization or in
active site formation, but it could have a regula-
tory function given its contacts with the

C-terminal domain (Bateman et al. 2001, 2007,
Timm et al. 1999).

The FAH N-terminal domain contains two
identified post-transcriptionally modified amino
acids (N-acetyl-S2 and phospho-S92), but the
reasons/effects of these modifications have not
been investigated (UniProt: P16930) (Huttlin
et al. 2010; Vaca Jacome et al. 2015).

Among the nine exonic FAH mutations found
in this domain (Fig. 3.1), five can be linked to
aberrant mRNA processing and two results in the
p-W78X nonsense mutation yielding a protein
lacking the entire FAH catalytic C-terminal
domain (Figs. 3.1 and 3.3b) (Table 3.3). Among
the five mutations that can be linked to aberrant
mRNA processing, the c.1A>G (p.M1?/exon 1)
mutation results in the start codon loss, while
p-Q64H (exon 2) has been shown to affect
splicing by promoting the retention of 94 nucleo-

N-terminal domain

B E ]

= ¥
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130 140
Metal and substrate binding sites

160 110

C-terminal domain

It m e b

Fig. 3.2 Alignment of FAH orthologs. The protein
sequence were retrieved from the NCBI website; Homo
sapiens (NP_000128.1), Mus musculus (NP_034306.2),
Rattus Norvegicus (NP_058877.1), Drosophila melano-
gaster (NP_524830.2), Arabidopsis thaliana
(NP_172669.2), Danio rerio (NP_955895.1 with
N-terminal of Fisher et al. 2008), Caenorhabditis elegans
(NP_509083.1), Xenopus tropicalis (NP_001107523.1),
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Macaca mulatta (NP_001244458.1). The multiple
sequence alignment was performed with MUSCLE tool
(http://www.ebi.ac.uk/Tools/msa/muscle/)  from  the
EMBL-EBI website. Numbers at the bottom of the figure
correspond to H. sapiens amino acids sequence.
N-terminal and C-terminal domains of FAH are presented,
as well as region of interest for FAH activity
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tides from intron 2 and resulting in the apparition
of a PTC after nine missense amino acids. In
addition to these two documented mutations, p.
S23P (exon 1), p.F62C (exon 2) and p.Q64fs
(exon 2) are likely to affect splicing due to the
predicted alteration of an ESE site (S23P), activa-
tion of an exonic cryptic donor site (F62C) and
direct alteration of the wild-type cryptic donor
site (p.Q64fs) (Desmet et al. 2009). However, no
experimental data on mRNA and protein are
available for the later three mutations preventing
a conclusion on their real effect on FAH mRNA,
protein stability or activity. Of note, S23P was
proposed to possibly affect FAH dimerization
(Heath et al. 2002) and recombinant F62C was
found to be an insoluble/inactive protein
(Bergeron et al. 2001). The two remaining dis-
ease-causing mutations of the N-terminal domain
give rise to normal FAH mRNA and are therefore
likely to have a structural effect. Indeed, p.N16I
(exon 1) produces an inactive and insoluble pro-
tein as shown from expression analysis of FAH in
patient liver extract and from recombinant
expression in cultured cells (Bergeron et al. 2001;
Phaneuf et al. 1992) while p.A35T (exon 2) was
shown to be expressed at low level and to have a
decreased activity both in cultured fibroblasts
and liver extracts (Cassiman et al. 2009).

3.3.2 FAH C-Terminal Domain

The FAH C-terminal domain is composed of
~300 residues that are encoded by exons 5-14
(Fig. 3.3a) (Pfam: PF01557, InterPro:
IPRO11234). It is shared between members of the
FAH family of metalloenzymes and characterized
by a B-sandwich fold forming a deep pocket in
the catalytic domain and containing a metal ion at
its base (Ran et al. 2013; Timm et al. 1999). All
enzymes of the FAH family share the ability to
cleave C-C bond of their substrate through a Glu-
His-water triad involving either a HXXE or Hxx...
xxE motif. For extensive alignments between
members of the FAH family please refer to (Ran
et al. 2013).

The FAH C-terminal domain has functional
roles in metal-ion binding, catalysis and dimer-

ization. The dimer formation is needed to form
the pocket of the active site, while multiple resi-
dues have been shown to be involved in FAH
dimerization, the longest stretch of amino acids
located at the dimer interface is spanning from
the end of exon 5 through exon 6 and the first half
of exon 7 (Timm et al. 1999). From the crystal
structure of mouse FAH, it was shown that the
metal ion is coordinated by residues present in
exons 5, 7, 8 and 9 (Bateman et al. 2001, 2007,
Timm et al. 1999). Moreover, based on the study
of Ran and co-workers, the FAH active site cor-
responds to the Hxx...xxE motif (Ran et al. 2013)
(Figs. 3.2 and 3.3a). The first part of this motif
(Hxx...), which would correspond to the lid
domain of the active site, is mainly located in
exon 5 and the last part of the motif (...xxE) in
exon 13. Also based on mouse FAH crystal struc-
ture, substrate binding sites are located in exon 5,
9 and 12 (Bateman et al. 2001, 2007; Timm et al.
1999). In addition to these features, phosphoryla-
tion of S309 (exon 11) and Y395 (exon 14) have
been observed but the role of these post-
translational modifications has not been investi-
gated further (Bian et al. 2014). As can be seen on
Fig. 3.3a, all these functional elements are spread
all over the FAH C-terminal domain, which
explains why even nonsense and deletions muta-
tions located in FAH last exons are causing HT'1.
The listing of nonsense mutations causing HT1 is
presented in Table 3.4 and the corresponding pro-
teins are depicted in Fig. 3.3b, while the listing of
deletion mutations causing frameshift is pre-
sented in Table 3.5 and proteins are depicted in
Fig. 3.3c (see also Fig. 3.1 for localization of
mutations in exons).

3.3.2.1 Missense HT1 Mutations
Located in the FAH C-Terminal
Domain
While the FAH C-terminal domain is ~3 times
larger then the FAH N-terminal domain, it con-
tains nearly eight times more disease causing
mutations (69 versus 9) due to its importance
for FAH function. As mentioned above, the two
exons containing the most disease-causing
mutations are exon 9 and 12 (Table 3.1 and
Fig. 3.1). Based on the fact that it was recently
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Fig. 3.3 FAH region of interest and effect of nonsense
mutations as well as deletion mutations causing frame-
shift. (a) Scaled schematic representation of FAH exons.
FAH N-terminal domain (Pfam: PF09298), FAH
C-terminal doamin (PF01557), Hxx... and ...xxE: con-
served motif of the active site (Ran et al. 2013). P post-
translational modifications (Bian et al. 2014; Huttlin et al.
2010; Vaca Jacome et al. 2015), M metal binding sites, S
substrate binding sites, A active site (Bateman et al. 2001,

shown that 20-45% of pathogenic SNPs affect
splicing (Wu and Hurst 2016), FAH missense
mutations of the C-terminal domain were sepa-
rated according to experimental data and to
their potential effect on splicing as determined
by the Human Splicing Finder website (Desmet

2007; Timm et al. 1999). Most of these features can also
be found on the Homo sapiens FAH UniProt entry
(P16930). (b) Schematic representation of the nonsense
mutations causing HT'1. The corresponding mutations can
be found in Tables 3.3 and 3.4. (¢) Schematic representa-
tion of the FAH deletion mutations causing frameshift.
The corresponding mutations can be found in Tables 3.3
and 3.5

et al. 2009). Nineteen mutations were found
to potentially affect splicing (Table 3.6),
while 29 mutations were not (Table 3.7). Not
surprisingly all mutations affecting important
residues for FAH activity are found in
Table 3.7.
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Table 3.3 HT1 causing mutations in the FAH N-terminal domain

HT1
cDNA/protein/location mRNA Protein alleles References
1 c.1A>G/p.M17/ No experimental No experimental 20 Al-Shamsi et al.
Istnt of E1 data on mRNA data on protein (2014),
Start loss, the next Georgouli e't al.
ATG is located in (2010), Imtiaz
intron 1, 325 base etal. (2011),
pairs away from and Mohamed
the end of exon 1 etal. (2013),
GQET
2 c.47A>T/p.N16l/ Normal mRNA Protein absent in 1 Phaneuf et al.
within E1 liver extracts, (1992) and
inactive Bergeron et al.
Recombinant (2001), GQET
protein: insoluble
and inactive
N16 is conserved
in 9/9 species®
N16I may cause
general structural
effects
3 c.67T>C/p.S23P/ No experimental No experimental 4 Heath et al.
within E1 data on mRNA data on protein (2002) and
Alteration of an $23 is conserved ljaz et al.
ESE site predicted® | in 8/9 species® (2016)
S23 is near the
dimer interface
4 c.103G>A/p.A35T/ Normal mRNA Decreased level of 2 Cassiman et al.
within E2 protein expression (2009)
and activity in
fibroblasts and
liver extracts
A35 is conserved
in 9/9 species®
5 ¢.185T>G/p.F62C/ No experimental No experimental 2 Awata et al.
end of E2 data on mRNA data on protein (1994) and
Activation of an Recombinant Bergeron et al.
exonic cryptic protein: insoluble (2001)
donor site and and inactive
alteration of an F62 is conserved
ESE site predicted® | ip 8/9 species®
6 c.191delA/p.Q64fs/ No experimental No experimental 2 Dursun et al.

end of E2

data on mRNA

Alteration of the
wild-type donor
site, activation of
an exonic cryptic
donor site and
alteration of an
ESE site predicted®

data on protein

(2011)

(continued)
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Table 3.3 (continued)

HT1
cDNA/protein/location mRNA Protein alleles References
7 ¢.192G>T/p.Q64H/ Decreased level of | Absence of protein | 41 Rootwelt et al.
E2/12 junction mRNA retention of ( 1994a,
94 pb from intron 1996),
2 and PTC after 9 Angileri et al.
missense amino (2015) and
acids Jjaz et al.
(2016)
8 ¢.233G>A/p.W78X Normal mRNA No experimental 4 Arranz et al.
within E3 data on protein (2002)
Truncation in the
middle of E3
9 ¢.234G>A/p. W78X/ No experimental No experimental 1 Couce et al.
within E3 data on mRNA data on protein (2011)
Truncation in the
middle of E3

GQET Groupe québécois d’étude de la tyrosinémie/Quebec HT1 study group
areferred to p.M1V in (Al-Shamsi et al. 2014; Angileri et al. 2015; Mohamed et al. 2013)

“based on Fig. 3.2

prediction made with Human Splicing Finder (Desmet et al. 2009)

dalso described in Table 3.2 (splicing mutations)

34 Most Frequent FAH
Mutations and Their
Geographical Localization

In total, more than 98 FAH mutations have been
reported at this time to cause HT1. This number
will likely increase, since SNPs causing the dis-
ease are found in SNPs database such as the ones
from the Exome Aggregation Consortium
(ExAC) (URL: http://exac.broadinstitute.org)
and NHLBI Exome Sequencing project (http://
evs.gs.washington.edu/EVS/). For example, a
W234X SNP is reported on the ExXAC website
(last access: April 2016). This mutation is located
at the end of exon 8 and based on experimental
data from Table 3.4 is likely to cause HT1.

The worldwide incidence of HT1 is rela-
tively low, with 1/100,000 affected individual
(Hutchesson et al. 1996). The population that
possesses the highest incidence of HT1 is the
French Canadian population of the Saguenay-
Lac-Saint-Jean (SLSJ) region in the province
of Quebec (Canada). Not surprisingly, the
most frequent FAH mutation in SLSJ region
(~90% of all the disease causing alleles;
c.1062 + 5G>A (IVS12 + 5G>A)) is also the
most frequent worldwide (32.3% of the

reported alleles) (Table 3.8) (Angileri et al.
2015). Since ¢.1062 + 5G>A accounts for the
third of the HT1 reported allele and due to the
fact that it is reported in a wide range of eth-
nic groups, it is likely to be a very old muta-
tion (Angileri et al. 2015). The second most
frequent HT1 mutation encountered world-
wide is ¢.554-1G>T (IVS6-1G>T) with a fre-
quency of 16.4% (Table 3.8). While this
mutation is not associated to a specific clus-
ter, it is more prevalent in the Mediterranean
region and in southern Europe (Angileri et al.
2015).

Two other clusters of HT1 are found in the
world. The first one is in the Finnish population of
Pohjanmaa where the ¢.786G>A (p.W262X) rep-
resents ~88% of disease causing alleles (Angileri
et al. 2015; Kvittingen 1991; Mustonen et al.
1997). The other cluster is in an immigrant popu-
lation from Pakistan living in the United Kingdom
(predominantly in Birmingham), and for which
the ¢.192G>T (p.Q64H) mutation accounts for
42% of the alleles reported (Angileri et al. 2015;
Hutchesson et al. 1998). These two mutations are
also among the most frequent mutations world-
wide, with frequencies of 5.6% and 4.3%
(Table 3.8; third and fourth rank respectively).


http://exac.broadinstitute.org
http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/

36

G. Morrow et al.

Table 3.4 Nonsense mutations found in FAH C-terminal domain

Information
regarding mRNA and| HT1
cDNA/protein Location protein alleles References
1 c.455G>A/lp. End of ES No experimental 3 Dou et al. (2013) and Yang et al.
WI152X data on mRNA and (2012)
protein
2 c.456G>A/p. Beginning of No experimental 1 GQET
W152X E6 data on mRNA and
protein
3 ¢.520C>T/p. Middle of E6 No experimental 4 Dursun et al. (2011), Heath et al.
R174X data on mRNA and (2002), and Timmers and Grompe
protein (1996)
4 c.579C>Al/p. Middle of E7 No experimental 2 Vondrackova et al. (2010)
C193X data on mRNA and
protein
5 c.709C>T/p. Beginning of Reduced level of 39 Angileri et al. (2015), Cao et al.
R237X E9 mRNA, the PTC is (2012), Dursun et al. (2011), Heath
far from the last et al. (2002), Imtiaz et al. (2011),
exon-exon junction Jitraruch et al. (2011), la Marca
and could therefore et al. (2011), and Ploos van Amstel
lead to NMD et al. (1996), GQET
6 c.718 C>T/p. Beginning of No experimental 2 Imtiaz et al. (2011)
Q240X E9 data on mRNA and
protein
7 c.726G>A/p. Middle of E9 No experimental 1 Angileri et al. (2015)
W242X data on mRNA and
protein
8 c.786G>A/p. Middle of E9 Drastic reduction of | 53 Angileri et al. (2015), Mustonen
W262X mRNA level et al. (1997), Rootwelt et al.
No protein (1994a, 1996), and St-Louis et al.
(1994)
9 c.982C>T/p. Beginning of mRNA normal 2 Arranz et al. (2002)
Q328X El2 No experimental
data on protein
10 c.1069G>T/p. Beginning of From reduced to 12 Angileri et al. (2015), Grompe and
E357X E13 normal level of al-Dhalimy (1993), Heath et al.
mRNA depending (2002), Ploos van Amstel et al.
on the publication (1996), Rootwelt et al. (1994d,
No protein 1996), and St-Louis et al. (1995)
11 ¢.1090G>T/p. Middle of E13 | From reduced to 16 Bergman et al. (1998), Grompe
E364X normal level of and al-Dhalimy (1993), Grompe
mRNA depending et al. (1994), Ploos van Amstel
on the publication et al. (1996), Poudrier et al.
No protein (1999), Rootwelt et al. (1994d
1996), and Timmers and Grompe
(1996)
12 c.1100G>A/ Middle of E13 | No experimental 2 Yang et al. (2012)
pW367X data on mRNA and
protein

GQET Groupe québécois d’étude de la tyrosinémie/Quebec HT1 study group
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Table 3.5 Deletion mutations causing frameshift in FAH C-terminal domain
Information regarding mRNA and | HT1
cDNA/protein/location protein alleles | References

1 | c.441_448del8/p.A147fs/end of ES No experimental data on mRNA 1 Dursun
and protein etal. (2011)

2 | c.548_553+20del26/p.D183fs/end of E6 No experimental data on mRNA 1 Arranz
and protein et al. (2002)
(E6/16del26)

3 | c.615delT/p.F205fs/beginning of E8 Frameshift changing F205 in L 1 Bliksrud
and the next triplet to a PTC etal. (2012)
(p-F2051LfsX2)

4 | c.744delG/p.P249fs/middle of E9 Frameshift changing P249 in H 7 Bliksrud
and leading to apparition of a PTC etal. (2012)
at the end of E10 (p.P249H{fsX55)

5 |¢.835delC/p.Q2791s/end of E9 Frameshift changing Q279 in R 2 Bliksrud
and leading to apparition of a PTC et al. (2012)
at the end of E10
(pQ279RfsX25)

6 | c.938delC/p.T313fs/middle of E11 Frameshift keeping a T in position | 1 Arranz
313 and introducing a PTC 60 et al. (2002)
amino acids downstream
(p.-T313TfsX60)

7 1¢.960q1130_%1260q10539del18036/—/within I11 | Large deletion beginning in intron |4 Park et al.
11 and ending in the intergenic (2009)
region of FAH-ARNT?2
Absence of E12, E13 and E14

8 ¢.974_976del CGAinsGC/p.T325fs/beginning of | No experimental data on mRNA 6 Yang et al.

E12 and protein (2012)
Frameshit will change T325 in S
but the has not been investigated
further

9 | c.1190delA/pQ397fs/beginning of E14 Frameshift abolishing the 4 Imtiaz et al.
wild-type stop codon and resulting (2011)
in an abnormally prolonged
protein with 41 extra amino acids

The geographical distribution of almost all of the
FAH mutations has been the subject of a recent
review (Angileri et al. 2015).

3.5 Correlation Between FAH
Mutations and HT1
Phenotype

HT1 is classified in three different forms

depending on the clinical phenotype of patients
and the age of onset. The acute form presents
before 2 months of age with acute liver failure,
while the subacute form presents between 2 and
6 months of age with liver disease and the chronic

form presents after 6 months of age with slowly
progressive liver cirrhosis and hypophospha-
temic rickets (Bergman et al. 1998; Mitchell et al.
2001; van Spronsen et al. 1994) (See Morrow and
Tanguay, Chap. 2). However, despite multiple
efforts, no clear genotype-phenotype relation-
ships have been unveiled (Arranz et al. 2002;
Bergman et al. 1998; Dursun et al. 2011; Rootwelt
et al. 1996).

3.5.1 HT1 Pseudodeficiency

To date, one missense mutation (c.1021C>T, p.
R341W) has been described as a pseudodeficiency
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Table 3.7 Missense mutations located in the FAH C-terminal domain and affecting protein function

cDNA/protein/location

Information regarding mRNA and
protein

HT1 alleles

References

1 ¢.374C>G/p.T125R/
exon 5

No experimental data on mRNA
and protein

T125 is conserved in 9/9 species?

T125 is in the active site (Hxx...
motif region)

2

Imtiaz et al. (2011)

2 ¢.398A>G/p.H133R/
exon 5

No experimental data on mRNA
and protein

H133 is conserved in 9/9 species®

H133 is in the catalytic triad

Heath et al. (2002)

3 ¢.398A>T/p.H133L/
exon 5

No experimental data on mRNA
and protein

H133 is conserved in 9/9 species®

H133 is in the catalytic triad

Couce et al. (2011)

4 c.401C>A/p.A134D/
exon 5

normal mRNA, low level of
protein, no activity

Recombinant protein: same
solubility as wild-type, inactive

A134 is conserved in 9/9 species?

A134D is in the active site, in the
Hxx... motif

Bergeron et al.
(2001), Labelle et al.
(1993), and Rootwelt
et al. (1994c, 1996)

5 c.424A>G/p.R142G/
Exon 5

No experimental data on mRNA
and protein

R142 is conserved in 9/9 species®

R142 is in the active site, is
involved in substrate binding

GQET

6 c.467C>A/p.P156Q/
exon 6

No experimental data on mRNA
and protein

P156 is conserved in 9/9 species®

P156 is in the largest contiguous
sequence of contacts between
monomers

Heath et al. (2002)

7 c.473G>A/p.G158D/
exon 6

No experimental data on mRNA
and protein

G158 is conserved in 8/9 species*

G158 is in the largest contiguous
sequence of contacts between
monomers and beside a substrate
interaction site

Bergman et al. (1998)

8 c.497T>G/p.V166G/
exon 6

Normal mRNA, no experimental
data on protein

V166 is conserved in 5/9 species®

V166 is in the largest contiguous
sequence of contacts between
monomers

Bergman et al.
(1998), Dursun et al.
(2011), Grompe and
al-Dhalimy (1993),
and Rootwelt et al.
(1996)

9 ¢.577T > C/p.C193R/
Exon 7

normal mRNA, no experimental
data on protein

Recombinant protein: insoluble
and inactive

C193 is conserved in 4/9 species®

C193 is near the active site

Bergeron et al. (2001)
and Ploos van Amstel
et al. (1996)

(continued)
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Table 3.7 (continued)

Information regarding mRNA and
cDNA/protein/location protein HT1 alleles| References
10 ¢.620G>A/p.G207D/ No experimental data on mRNA 1 Timmers and Grompe
exon 8 and protein (1996)
G207 is conserved in 9/9 species®
G207 is near the active site
11 ¢.680G>T/p.G227V/ No experimental data on mRNA 4 Vondrackova et al.
exon 8 and protein (2010)
G227 is conserved in 9/9 species®
G227 is beside F226 which is
involved in metal binding
12 ¢.698A>T/p.D233V/ Normal mRNA, low level of 15 Dursun et al. (2011),
exon 8 protein, no activity Rootwelt et al.
Recombinant protein: same (1994a, 1996)
solubility as wild-type, inactive
D233 is conserved in 9/9 species®
D233 is involved in metal binding
13 ¢.700T>G/p.W234G/ Normal mRNA, inactive protein 1 Hahn et al. (1995),
exon 8 Recombinant protein: insoluble Rootwelt et al.
and inactive (1996), and Bergeron
W234 is conserved in 9/9 species® etal. (2001)
‘W234 is within a metal cation
pocket
14 c.742G>A/p.G248R/ No experimental data on mRNA 2 GQET
exon 9 and protein
(G248 is conserved in 9/9 species®
G248 is beside P249 which is
involved in substrate binding
15 c.745C>A/p.P249T/ No experimental data on mRNA 1 Timmers and Grompe
exon 9 and protein (1996)
P249 is conserved in 9/9 species®
P249 is involved in substrate
binding and is located at the dimer
interface
16 c.776T>A/p.V259D/ No experimental data on mRNA 2 Dursun et al. (2011)
exon 9 and protein
V259 is conserved in 2/9 species®
V259 is in the active site, at the
dimer interface
17 c.782C>T/p.P261L/ No experimental data on mRNA 16 Bergman et al.
exon 9 and protein (1998), Imtiaz et al.
P261 is conserved in 9/9 species® (2011), Elpeleg et al.
P261 occur between the N- and (2002), and Angileri
C-terminal domains (quaternary etal. (2015), GQET
structure)
18 ¢.787G>A/p.V263M/ No experimental data on mRNA 4 Imtiaz et al. (2011)
exon 9 and protein
V263 is conserved in 8/9 species®
V263 is near metal binding site
19 ¢.880A>C/p.T294P/ No experimental data on mRNA 2 Bergman et al. (1998)
exon 10 and protein and Timmers and
T294 is conserved in 7/9 species® Grompe (1996)

(continued)
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Table 3.7 (continued)

Information regarding mRNA and
cDNA/protein/location protein HT1 alleles| References
20 ¢.1022G>C/p.R341P/ No experimental data on mRNA 2 Imtiaz et al. (2011)
exon 12 and protein
R341 is conserved in 9/9 species®
R341 is near the active site
21 ¢.1025C>T/p.P342L/ Normal mRNA, absence of protein |5 Bergman et al. ( 1998,
exon 12 P342 is conserved in 8/9 species® 1994c¢) and Rootwelt
P342 is near the active site, et al. (1996)
between the N- and C-terminal
domains (quaternary structure)
22 c.1027G>T/p.G343W/ Normal mRNA, no experimental 2 Arranz et al. (2002)
exon 12 data on protein
G343 is conserved in 9/9 species®
G343 is near the active site
23 ¢.1027G>C/p.G343R/ No experimental data on mRNA 9 Dou et al. (2013) and
exon 12 and protein Imtiaz et al. (2011)
G343 is conserved in 9/9 species®
24 ¢.1043C>G/p.S348C" No experimental data on mRNA ? Prieto-Alamo and
exon 12 and protein Laval (1998)
S348 is conserved in 7/9 species®
S348 is near the active site
25 ¢.1056C>A/p.S352R/ No experimental data on mRNA 2 Heath et al. (2002)
exon 12 and protein
S352 is conserved in 9/9 species®
S352 is in the ...xxE motif region
26 c.1106G>T/p.G369V/ Normal level of mRNA, no 1 Ploos van Amstel
exon 12 experimental data on protein et al. (1996)
G369 is conserved in 8/9 species®
G369 is in the ...xxE motif region
27 c.1124T>C/p.L375P/ Normal level of mRNA 2 Cao et al. (2012)
exon 12 LL375 is conserved is 6/9 species®
L375 is in the ...xxE motif region
28 c.1193G>A/p.G398E/ Normal mRNA, no protein 1 Morrow et al.
exon 14 Recombinant protein: soluble, (submitted)
decreased activity
G398 is conserved in 7/9 species®
29 ¢.1210G>A/p.G404S/ No experimental data on mRNA 2 Vondrackova et al.
exon 14 and protein (2010)
G404 is conserved in 9/9 species®

GQET Groupe québécois d’étude de la tyrosinémie/Quebec HT1 study group

*Based on Fig. 3.2

"Reported as p.S348G in (Angileri et al. 2015; Prieto-Alamo and Laval 1998)
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Table 3.8 HT1 most frequent mutations

cDNA/protein Location Type of mutation HT1 alleles Frequency! (%)

c.1062 + 5G>A (IVS12 + 5G>A)/— | E12/112 junction | Splicing 305 323
(Table 3.2)

¢.554-1G>T (IVS6-1G>T)/— 16/E7 junction Splicing 155 16.4
(Table 3.2)

c.786G>A/p.W262X Exon 9 Nonsense 53 5.6
(Table 3.4)

¢.192G>T/p.Q64H E2/12 junction Splicing 41 4.3
(Table 3.2)

¢.709C>T/p.R237X Exon 9 Nonsense 39 4.1
(Table 3.4)

¢.1009G>A/p.G337S Exon 12 Splicing 30 32
(Table 3.2)

c.1A>G/p.M1Y Istntof E1 Start loss 20 2.1
(Table 3.3)

¢.707-1G>C (IVS8-1G>C)/— I8/E9 junction Splicing 16 1.7
(Table 3.2)

¢.782C>T/p.P261L/ Exon 9 Missense 16 1.7
(Table 3.7)

¢.1090G>T/p.E364X Exon 13 Nonsense 16 1.7
(Table 3.4)

¢.698A>T/p.D233V Exon 8 Missense 15 1.6
(Table 3.7)

¢.707-1G>A (IVS8-1G>A)/— I8/E9 junction Splicing 13 1.4
(Table 3.2)

¢.1069G>T/p.E357X Exon 13 Nonsense 12 1.3
(Table 3.4)

c.497T>G/p. V166G Exon 6 Missense 11 1.2
(Table 3.7)

'Frequency is calculated on the 944 alleles reported in this chapter

variant since individuals homozygous for this muta-
tion are healthy due to residual FAH activity while
compound heterozygotes with another FAH muta-
tion develop HT1 (Rootwelt et al. 1994b). This
mutation does not change the mRNA level nor its
size but it results in decreased amount of FAH pro-
tein with less activity than the wild-type protein
(Bergeron et al. 2001; Rootwelt et al. 1994b), sug-
gesting that a minimal requirement of FAH activity
is needed to prevent HT'1 disease.

3.5.2 Reversion of FAH Mutation

A mosaic pattern of FAH expression in liver of
HT1 patients has been reported for four splicing
mutations; ¢.192G>T (p.Q64H), c.836A>G
(p-Q279R), ¢.1009G>A (p.G337S) and ¢.1062 +
5G>A (IVS12 + 5G>A) (Demers et al. 2003;

Dreumont et al. 2001; Kvittingen et al. 1993,
1994; Poudrier et al. 1998). The presence of FAH
positive nodules was shown to be due to the
reversion of the primary point mutation (Demers
et al. 2003; Kvittingen et al. 1993, 1994) and
favored by the selective advantage that the rever-
sion would provide (Demers et al. 2003).
Interestingly, it was also shown that the severity
of the disease is directly correlated with the
extent of HT'1 mutation reversion in the liver of
HT1 patients (Demers et al. 2003).

3.6 Concluding Remarks

This report summarizes the available information
for each of the FAH mutations reported in the lit-
erature and places them back in their molecular
context. While it does not provide explanations
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for the effect of all mutations on FAH mRNA and
protein, it does suggest new ways to look at them
in addition to highlight the importance of splic-
ing mutations in HT1.
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Molecular Pathogenesis of Liver
Injury in Hereditary Tyrosinemia 1
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Abstract

Untreated HT1 rapidly degenerates into very severe liver complications
often resulting in liver cancer. The molecular basis of the pathogenic process
in HT1 is still unclear. The murine model of FAH-deficiency is a suitable
animal model, which represents all phenotypic and biochemical manifesta-
tions of the human disease on an accelerated time scale. After removal of the
drug  2-(2-N-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC),
numerous signaling pathways involved in cell proliferation, differentiation
and cancer are rapidly deregulated in FAH deficient mice. Among these, the
Endoplasmic reticulum (ER) pathway, the heat stress response (HSR), the
Nrf2, MEK and ERK pathways, are highly represented. The p21 and mTOR
pathways critical regulators of proliferation and tumorigenesis have also
been found to be dysregulated. The changes in these pathways are described
and related to the development of liver cancer.
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Abbreviations

AFP Alpha feto protein

AKT Protein kinase B

CHOP C/EBP homologous protein

ER stress Endoplasmic reticulum stress
ERAD ER-stress associated degradation
ERK Extracellular signal-regulated kinase
FAA Fumarylacetoacetate

FAH Fumarylacetoacetate hydrolase
GSH Glutathione

HTI Hereditary tyrosinemia type 1
MAA Maleylacetoacetate

MCL-1 Myeloid cell leukemia 1

SAC Succinylacetone

URP Unfolded protein response

4.1 Introduction

HT1 is an autosomal-recessive disease caused by
a genetic inactivation of the enzyme fumarylace-
toacetate hydrolase (FAH), which carries out the
last step of the tyrosine catabolism pathway and
characterized by an extremely high susceptibility
for liver cancer. In order to understand the
molecular mechanisms of hepatocarcinogenesis
in HT1, a murine model of FAH-deficiency has
been developed, which represents all phenotypic
and biochemical manifestations of the human
disease on an accelerated time scale (Grompe
et al. 1995). Previously, it has been thought that
the pathophysiology of liver disease in HTI
involves FAA-induced cell death, which would
lead to increased hepatocyte turnover and prolif-
eration and thereby cancer. However studies by
Vogel and Tanguay’s groups in Fah™~ mouse
model have revealed a very different picture,
especially in the chronic liver injury phase.
Figure 4.1 summarizes the different protocols

that have been used to study the different phases
of the pathologic process occurring in the FAH
KO mouse upon removal of the drug 2-(2-N-4-
trifluoromethylbenzoyl)-1,3-cyclohexanedione
(NTBC), which blocks the pathway upstream of
the formation of fumarylacetoacetate (FAA), and
is used to treat patients with HT1. The first one
used by Vogel and his colleagues uses either a
low suboptimal dose (0.75 mg/L) to induce mod-
erate liver injury or the completely stopped
NTBC treatment to induce severe liver injury
(Fig. 4.1a, b) (Marhenke et al. 2008; Vogel et al.
2004). Complete NTBC withdrawal results in a
very high mortality with almost all mice dying
within 4-6 weeks post-removal. In the case of
Tanguay and his colleagues, a complete with-
drawal of NTBC was coupled with the addition
of a liquid diet to extend the viability from 5 to
15 weeks (Fig. 4.1c) when 100% of mice showed
liver cancer (Angileri et al. 2015). This permitted
a study of various signaling pathways at the early
and late phases of the pathogenic process.

4.2  LiverInjury
and Tumorigenesis
4.2.1 HT1 Elicits an ER Stress

Response

Amongst the different metabolites accumulating
in HT1 (FAA, MAA, SAC), FAA seems to have
major effects. For example in cultured cell assays,
FAA was shown to be moderately mutagenic
while MAA or SAC had no effect on cell trans-
formation (Jorquera and Tanguay 1997; Tanguay
et al. 1996). However how FAA affects the liver
so severely is not clear. Its mutagenicity was
showed potentiated by glutathione (GSH)
depletion. ROS are not generated during FAA
treatment of GSH-depleted cells (Jorquera and
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Fig.4.1 Schematic representation of Vogel and Tanguay’s
HT1 protocols. Fah™~, Fah/p21~~ and Fah/Nrf2~~ ani-
mals were treated with NTBC-containing drinking water
at a concentration of 7.5 mg/L unless otherwise indicated,
(a) 8 weeks old mice were used in short-term experiments
(complete NTBC withdrawal). Surviving mice were killed
after 4 weeks. In long-term experiments, NTBC was
reduced in the drinking water of 4 weeks old mice and not
changed thereafter. All mice receiving 10% NTBC in the
drinking water survived until harvest at indicated time
points (Marhenke et al. 2008), (b) NTBC was withdrawn
from fah~~ mice, which were kept, on water for 2 weeks.
At the end of this period of time, the animals were injected

intraperitoneally with HGA (500 mg/kg) or FAS antibody
(Jo-2; 0.3 mg/kg) (Vogel et al. 2004), (¢) 4 months-old
Jfah™~ mice were withdrawn from NTBC therapy for peri-
ods of 3 days to 15 weeks. Water soaked food treatment
was introduced after 4 weeks of NTBC interruption. Mice
were weighted three times per week and periodically
examined for signs of clinical illness (Angileri et al.
2015). (d) Ten-week-old FAH-deficient mice were moni-
tored after NTBC was reduced (2.5%) or withdrawn (0%).
Fah™~ and Fah/p21~~ double-knockout mice on 2.5%
NTBC were followed for 13 months and Fah/p21~~ 0%
NTBC for 3 months
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Tanguay 1997). In the Chinese hamster V79 cell
assay, N-acetyl cysteine and the methyl ester cell
membrane permeable form of GSH-MEE were
found to abrogate FAA-induced apoptosis
(Jorquera and Tanguay 1999). This suggests that
these compounds act in replenishing GSH rather
than as ROS scavengers. Does FAA have a direct
effect on DNA as suggested by the chromosomal
instability observed in HT1 cells? As an electro-
phile, FAA would be expected to interact with
many molecules including DNA, but such a
direct effect remains to be demonstrated.
Interestingly it was shown that FAA could inhibit
many of the human DNA glycosylases, enzymes
involved in DNA base excision repair (Bliksrud
et al. 2013). This indirect effect would favor
accumulation of oxidative DNA damages and
potent cancer-causing mutations. Oxidative stress
is an important component of the pathological
processes in HT'1 (see Sect. 2.2).

In recent years many signaling pathways
mediating cell death and cell survival, two events
involved in cancer, have been reported regulated
during the HT1 pathogenic process. Interestingly,
disruption of the Golgi complex likely as a result
of FAA treatment was shown on cells and in the
mouse model of HT'1. This was concomitant with
a rise in intracellular Ca®* and activation of the
ERK kinase. Cellular Ca®>* homeostasis being
tightly regulated by the endoplasmic reticulum
(ER) led Bergeron et al. to suggest that a ER
stress was involved in the pathogenic process
(Bergeron et al. 2003). This was further docu-
mented in cellular and mouse models (Bergeron
et al. 2006). Treatment of V79 cells with an apop-
totic dose of FAA induces a rapid induction of
ER stress proteins such as GRP78/BiP, phosphor-
ylation of e[F2« and a late induction of CHOP, all
events observed in a classical ER stress. This was
also observed in the FAH knockout model when
mice were taken off NTBC, suggesting an altera-
tion of the Unfolded Protein Response (UPR) in
the HT1 process. The mains targets of the UPR
are IRE1, PERK and ATF6 via BiP regulation
(Fig. 4.2). This was verified by a cell luciferase
reporter gene assay that showed that FAA could
activate ERSE a cis-element promotor of GRP78/
BiP, consistent again with an ER response. In the
mouse model, induction of HT1 phenotype by

NTBC withdrawal led to upregulation of GRP78/
BiP at 3 weeks post-NTBC removal. Since ER
stress can lead to ER-associated degradation
(ERAD), the proteasome activity was also mea-
sured, and showed a 2-fold increase (Bergeron
et al. 2006). How FAA affects the UPR is unclear
at this time. ATFG6 is an interesting target, as it is
known to affect Ca** homeostasis and activate the
ERK pathway involved in proliferation and trans-
formation. ATF6 is also as an activator of CHOP
and ERAD as discussed above (see Fig. 4.2).
Alternatively the effect of FAA on the UPR might
signal the cell to activate the main cellular
homeostasis response through the heat shock
response as discussed below.

4.2.2 The HT1 Stress Activates
the Heat Shock Gene
Response (HSR)

In response to various stresses, cellular com-
partments activate signaling pathways that
mediate transcriptional programs to promote
survival and reestablish homeostasis. This phe-
nomenon is known as the heat shock response
(HSR). The HSR (Fig. 4.3) is mediated by the
production of a group of proteins known as the
heat-shock proteins (HSPs) (Kampinga et al.
2009) and occurs during conditions that cause
an increase in unfolded or misfolded proteins
primarily in the cytosol and nucleus, such as
increased temperature, hypoxia, oxidative
stress and exposure to toxic chemicals
(Labbadia and Morimoto 2015; Saibil 2013;
Vihervaara and Sistonen 2014). Tanguay and
collaborators provided the first evidence of an
enhanced HSR by FAA toxic action by treating
cultured cells with exogenous FAA (Bergeron
et al. 2003; Jorquera and Tanguay 2001). In
their work, the authors showed that ER stress in
HT1 pathophysiology is associated with an
early induction of the GRP78/BiP chaperone, a
proximal signaling protein, functioning as the
key regulator of the three transducers of the
unfolded protein response (UPR) during the ER
stress (Bergeron et al. 2006).

Mammalian HSPs can be classified in general
groups according to their size: high molecular
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Fig. 4.3 HSPs regulatory implications in the intrinsic,
extrinsic and caspase independent pathways of mitochon-
drial apoptosis. HSPs can block the mitochondrial intrin-
sic pathway of apoptosis by interacting with key proteins
at three levels: (i) upstream the mitochondria, thereby
modulating signaling pathways (HSP90, HSP70 and
HSP27 modulate the activation of stress-activated kinases
such as AKT, JNK or ERK); (ii) at the mitochondrial
level, controlling the release of cytochrome ¢ (HSP27 by
its interaction with the actin or reduction of ROS concen-

weight HSPs (~60-110 kDa) and small molecu-
lar weight HSPs (~15-30 kDa). Two major
classes of HSPs are synthesized in stressed cells,
which are distinguished by their general mecha-
nisms of protein folding. The first type includes
HSP27, HSP70, and HSP90, which interact
directly with the surfaces of unfolded proteins.
By contrast, the second type (which includes the
chaperonin HSP60) assembles into complexes
resembling folding chambers, which form privi-
leged environments that exclude bulk cytoplasm
and favor recovery of active protein conforma-
tions. Manipulation of the magnitude and dura-
tion of the activation of stress responses has been
proposed as a strategy to prevent or repair the
damage associated with stress exposure, aging or
in degenerative diseases. However, prolonged
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tration, HSP70 or HSP60 with Bax, and HSP90 with
Bcl2) and (iii) at the post-mitochondrial level, by blocking
apoptosis by their interaction with cytochrome c (HSP27),
APAF-1 (HSP70 or HSP90) or caspase-3 (HSP27 or
HSP60). At the FAS receptors level, HSP70 and HSP27
can interact with DAXX and JNK favoring cell survival.
At the caspase-independent pathways level, HSP70 neu-
tralizes AIF and inhibits cathepsin release from
lysosomes

stress and chronic activation of these pathways
has been correlated with cellular damage and as a
mechanism of tumor progression (Calderwood
and Gong 2016; Ciocca et al. 2013).

HT1 has been defined mainly as an “oxidative
stress” disease associated to a high level of stress-
induced liver injury (Angileri et al. 2015; Vogel
et al. 2004). Indeed several studies have reported
FAA as a mutagenic compound able to cause
oxidative damage by forming stable adduct with
glutathione (GSH) and sulthydryl groups of pro-
teins and to induce tumor hypoxia (Dieter et al.
2003; Manabe et al. 1985). Thus it is not surprising
that HSPs like HSP70, HSP32 and HSP27 are acti-
vated in the stressful environment occurring in HT1
pathogenesis. These observations were further con-
firmed in the HT1 murine model (Fah™~ mouse).



4 Molecular Pathogenesis of Liver Injury in Hereditary Tyrosinemia 1 55

Activation of these proteins was considered to be a
response to oxidative stress stimuli during induction
of the ER stress response by FAA and toxic metabo-
lites generated as a result of FAH deficiency.
Similarly, Vogel and collaborators (2004), observed,
a fivefold up-regulation of HSP70 protein levels and
a strong increase of HSP27 (200-fold) and HSP32
(58-fold) (Vogel et al. 2004) after taking Fah™~
mice off NTBC for 14 days. The activation of the
HSR in this model suggests HSPs as contributors to
the cell-death resistance phenotype observed in
mice that are taken off NTBC, as shown in the same
work by testing a wide range of programmed cell
death pathways. The cell death resistance observed
here in liver damaged by HT'1 is mediated not only
by the classic apoptotic pathway, modeled by acti-
vation of the FAS receptor, but also by other mecha-
nisms, such as the necrosis-like cell death triggered
by the drug APAP (acetaminophen), which induces
caspase-independent apoptosis.

An important contribution to the overall HSR
modulation during HT1 process came from the
work of Angileri and colleagues, which were
able to prolong the observation of the HTI1-
induced stress response in a long-term protocol
settled on the same murine model (Fig. 4.1c)
(Angileri et al. 2014, 2015). For this purpose, the
authors built a new protocol of complete NTBC
withdrawal, coupled with the addition of a liquid
diet to extend the mouse viability up to 15 weeks
(Fig. 4.1c). The liver dysfunction could therefore
be followed longer and up to the formation of
neoplastic liver lesions in 100% of mice under
experimentation. In this protocol different end-
points were used as representative of different
grades of liver pathology, and HSPs expression
was analyzed at transcriptional and translational
level. Gene expression by microarray during a
long-term HT1 stress characterized by tumor
development identified a wide range of genes
implicated in cellular growth and proliferation,
organismal survival, differentiation, inflamma-
tion and cell migration. Interestingly, among
them were present several members of the HSPs
family (Angileri et al. 2014), corroborating the
idea that HSPs induction in HT'1 pathology is not
just a mechanism of defense against oxidative
damage, but might foster an environment that is
essential for tumor development. Noteworthy
the expression level of HSPs proteins is unevenly

modulated in the different phases of liver dam-
age. While the evidence suggests that HSP90
and HSP60 families do not take part in the HT'1
liver dysfunction, the other HSPs members are
subjected to a variable modulation. The cognate
form of the 70 kD heat shock protein, HSC70,
remains almost unvaried in Fah™~~ mice, inde-
pendently of the NTBC treatment, with a faint
reinforcement in the advanced hepatocarcino-
genic stage. The inducible HSP70 and the small
HSP27 show a significant deregulation along the
entire process. Interestingly, HSP70 seems to be
involved more in the acute phase of the stress,
presenting a normal distribution with a peak of
expression in the first week after NTBC inter-
ruption (Angileri et al. 2014). On the other hand
HSP27 appears as one of the protagonists in the
HSR induced by HT1 pathogenic mechanisms,
confirming the previous finding of Vogel (Vogel
et al. 2004). Indeed, HSP27 is not only highly
overexpressed, but also its phosphorylation at
Serine 15 is greatly modulated up to liver neo-
plastic nodules formation. It is well known that
phosphorylated HSP27 (Serl5) is involved in the
ability of this chaperone to switch between small
and large oligomers in order to accomplish its
anti-apoptotic functions (Bruey et al. 2000; Oya-
Ito et al. 2006). Biochemical and genetic studies
have demonstrated the critical role of stress-
inducible HSPs in resistance to cell death. The
anti-apoptotic effect of HSPs involves protein-
protein interactions that seem not to be directly
related to their chaperone functions. For exam-
ple, HSP70 interacts with apoptosis protease
activating factor-1 (APAF-1), thereby preventing
APAF-1 from interacting with procaspase-9, and
HSP27 has been reported to specifically interact
with cytochrome c in the cytosol, thereby pre-
venting the activation of caspase 9. HSP70 also
has the capacity to interact with the apoptosis-
inducing factor to negatively interfere with
caspase-independent apoptosis. Furthermore
HSP70 has also been implicated in other mecha-
nisms of cell death in addition to programmed
cell death (PCD). HSP70 has been shown to
increase the lysosome resistance against chemi-
cal and physical membrane destabilization and
nevertheless it has been suggested that HSP70
could modulate JNK and ERK phosphorylation
and promote the stabilization of phosphorylated
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form of PKC (Gao and Newton 2002; Lee et al.
2005). In addition, these HSPs have been impli-
cated in the protection against APAP-induced
necrosis-like liver failure. Therefore, it seems
appropriate to affirm that stress-induced mal-
function of the death machinery plays a role in
the pathophysiology of this disorder and it might
be related to the risk of developing HCC, as
hypothesized by Angileri et al. (2014).

In the same mechanism of impaired apopto-
sis and survival reinforcement a key role has
been proposed for another small HSP, namely
HSP32. In more recent work Angileri and col-
leagues showed upregulation of this protein
concomitantly with factors responsible for its
transcriptional regulation (Angileri et al. 2015).
HSP32, also known as heme oxigenase -1 (HO-
1), is mainly known as a cytoprotective enzyme,
sensor of oxidative stress and involved in deg-
radation of heme to form biliverdin, carbon
monoxide (CO), and free iron. HO-1 upregula-
tion in HT1 pathology even in the first day of
NTBC withdrawal is probably due to its role in
the antioxidant response element-dependent
gene transcription program (Angileri et al.
2015). It is well known that HO-1 plays an
important protective role in the tissues by
reducing oxidative injury, attenuating inflam-
matory response, inhibiting apoptosis, and by

Fig.4.4 Schematic
summary of HO-1
effects on tumor biology.
In neoplastic cells, HO-1
expression is induced by
various oncoproteins as
well as by stress
reactions and by
(stress-inducing)
cytoreductive
compounds. HO-1 acts
as a survival factor that
may rescue tumor cells
under various conditions
(stress reactions) or
when exposed to
cytotoxic drugs
(HO-1-mediated
resistance)
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regulating angiogenesis and cell proliferation
(Banerjee et al. 2011). Recent evidence sug-
gests a role for HO-1 in promoting cancer since
its activity has closely been related to growth,
apoptosis, angiogenesis, invasiveness, and
metastasis of solid tumors (Banerjee et al.
2011). Thus, the HO-1 high protein levels
found in the HT1 stress might indicate that it
plays a crucial role not just in defense against
oxidative stress induced by HT1 toxic metabo-
lites, but also in promoting survival of prolifer-
ating cells as hypothesized by Angileri and
colleagues. Indeed, since HO-1 induction
results in production of CO, that influences gly-
colytic enzymes activity, this would result in
directional glucose utilization ensuring resis-
tance against oxidative stress from which can-
cer cell survival could take advantage (Angileri
et al. 2015) (see Fig. 4.4).

In summary, HSPs induction during the patho-
genic process in the HT1 murine model, might
participate in a chaperone-induced cytoprotec-
tion mechanism able to rescue cells from apopto-
sis, easing the deleterious consequences of HT'1
chronic stress and promoting tumor growth. At
this time, it is still unclear if the over-expression
of HSPs in cancer plays a role only in supporting
malignancy or if it is essential in developing the
transformed phenotype.
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4.2.3 Apoptosis Resistance in HT1
and Activation of AKT/MEK
Pathway

The increase in intracellular Ca®* upon treatment
of cells with FAA and the occurrence of an ER
stress is likely to activate multiple signaling cas-
cades. Among those are the Ras/Raf/MEK/ERK
and the PI3K/AKT pathways. Both of these are
linked to the mitochondrial intrinsic apoptotic
pathways consistent with the physical interaction
between mitochondria and ER (Fig. 4.5). These
pathways were therefore examined, since resis-
tance to apoptosis had already been reported in
HT1 (Jorquera and Tanguay 1999; Kubo et al.
1998; Vogel et al. 2004).
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Fig. 4.5 Possible mechanism of endoplasmic reticulum
(ER) stress induction by toxic metabolites in hepatocytes
lacking FAH activity. The occurrence of an ER stress acti-
vates multiple signaling cascades as the PKC, Ras/Raf/
MEK/ERK and the PI3K/AKT pathways. Both of these
are linked to the mitochondrial intrinsic apoptotic path-
ways consistent with the physical interaction between
mitochondria and ER. Activation of the AKT survival

Following the establishment of an HT1 stress
by NTBC removal, Orejuela et al. observed a
stable activation of the AKT survival pathway
along with an important inhibition of mitochon-
drial apoptosis, associated with a strong induc-
tion of BCI-2, BCL-X and a modulation of Bad
phosphorylation (Orejuela et al. 2008). BCL-2 a
pro survival factor showed a 30-fold rapid
increase, which remained high till the 4rth week
and then returned to normal level. Phosphorylation
of Bad on Serinel36 was rapidly induced and
was followed by that of Serine 112 3 weeks later
(Angileri et al. 2015). Mcl-1 another mitochon-
drial prosurvival member was induced at 4 weeks
post-withdrawal. Moreover, Vogel et al. found
that Bid was not dephosphorylated in the FAH
mutant mouse taken off NTBC following chal-
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pathway is associated with an important inhibition of
mitochondrial apoptosis, through induction of BCI-2,
BCL-X and modulation of Bad phosphorylation. AKT
signal is also transduced in the inactivation of the glyco-
gen synthase kinase 3 beta (GSK3 f) (phosphorylation of
S9) and an activation of the survival transcription factor
FKHR through its phosphorylation on S256
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lenge with the FAS ligand Jo2 (Vogel et al. 2006)
(Fig. 4.1b). The resistance to FAS-induced apop-
tosis was associated with a sustained phosphory-
lation of Bid in this model and in another model
of chronic liver injury suggesting that the phos-
phorylation status of Bid may determine the
apoptotic threshold of hepatocytes in vivo.
Subsequently however, the same group was able
to show that in contrast to previous in vitro find-
ings, phosphorylation of Bid does not affect the
sensitivity of hepatocytes to FAS receptor-
mediated apoptosis in vivo and does therefore not
cause the observed apoptosis resistance in Fah™~

FAA induced stress

mice taken off NTBC (Schungel et al. 2009).
However, Vogel’s data indicate that chronic liver
injury induced a cell death resistance in vivo, a
process that affects most hepatocytes without
requiring genetic mutations. The importance of
apoptosis resistance for cancer development is
widely appreciated. To date, genetic apoptosis
resistance, i.e. mutations in genes such as Bcl2,
has been implicated in this context. The stress-
induced malfunction of the intrinsic death
machinery may play a role in the pathophysiol-
ogy of common hepatic disorders and might be
related to the risk of developing HCCs.
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Fig. 4.6 Adaptive responses and cell survival mecha-
nisms are promoted through Nrf2 activation by stressful
stimuli switched on by FAA overproduction. The Kelch-
like-ECH-associated protein 1 (KEAPI) is a cytoplasmic
repressor of Nrf2 that inhibits its ability to translocate to
the nucleus. These two proteins interact with each other
through the double glycine-rich domains of KEAP1 and a
hydrophilic region in the NEH2 domain of Nrf2. KEAP1
contains many cysteine residues. Phase II enzyme induc-
ers and/or prooxidants can cause oxidation or covalent
modification of these cysteine residues. As a result, Nrf2
is released from KEAPI1. In addition, phosphorylation of
Nrf2 at serine (S) and threonine (T) residues by kinases
such as phosphatidylinositol 3-kinase (PI3K), protein

kinase C (PKC), c-Jun NH2-terminal kinase (JNK) and
extracellular-signal-regulated kinase (ERK) is assumed to
facilitate the dissociation of NRF2 from KEAP1 and sub-
sequent translocation to the nucleus. The p38MAPK can
both stimulate and inhibit the NRF2 nuclear translocation.
In the nucleus, Nrf2 associates with antioxidant-
responsive element (ARE) to stimulate gene expression.
Nrf2 target genes encode phase II detoxification or anti-
oxidant enzymes such as cytochrome P450 (CYP), gluta-
thione S-transferase alpha2 (GSTA2), multidrug resistance
proteins (MRP) NAD(P)H:quinone oxidoreductase
(NQO1), gamma-glutamate cysteine ligase (gamma-
GCLC and gamma-GCLM) and heme oxygenase-1
(HO-1)
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In the case of the PI3K/AKT pathway
(Fig. 4.5), the AKT signal was also transduced as
shown by the inactivation of the glycogen syn-
thase kinase 3 (GSK3 p) (phosphorylation of S9)
and an activation of the survival transcription fac-
tor FKHR through its phosphorylation on S256
(Orejuela et al. 2008). More recently Angileri
et al. also provided evidence for an activation of
PKC likely as a result of the damage caused by
toxic FAA/MAA/SA tyrosine metabolites
(Angileri et al. 2015).

4.2.4 Activation of the Nrf2
Transcription Factor and Its Links
with the Hepatocarcinogenic
Process in HT1

Nrf2 is a transcriptional factor involved in cancer
but its action in the tumorigenic process is still
controversial. Nrf2 has been reported to be both
tumor suppressive as well as oncogenic (reviewed
(Jaramillo and Zhang 2013; Sporn and Liby
2012)). Nrf2 promotes cell survival in stress con-
ditions (Fig. 4.6). Increased Nrf2 has also been
found to show high expression in various cancers
(lung, ovarian carcinoma) reminding us that can-
cer cells can also be protected by Nrf2. Moreover
Nrf2 has been shown to enhance drug resistance
consistent with the increase of the stress protein
HSP27 (See 1.2).

The context under which Nrf2 can activate or
repress certain types of cancer may be important
to understand its positive or negative effects. One
should consider the different stages of tumori-
genesis, as dysplastic cells differ from more
autonomous malignant cells. This important tran-
scription factor is found as a module with
KEAPI, a stress sensor with multiple cysteine
sulfhydryl groups that can respond to electro-
philes and thiol-binding compounds. The binding
of KEAPI1 to Nrf2 targets the latter to degrada-
tion by the proteasome. Binding of xenobiotics,
electrophiles, oxidants to KEAP1 cysteines mod-
ulate its binding to Nrf2 thereby regulating hun-
dreds of Nrf2 stress-responsive genes. These
targets include genes involved in Xxenobiotics
clearance, and genes implicated in anti-oxidant

systems. This has been suggested to confer cyto-
protection against electrophiles (Sandhu et al.
2015).

FAA and MAA are both theoretically electro-
philes and could form adducts with KEAPI
resulting in the activation of Nrf2 by preventing
its degradation by the proteasome. Among the
genes regulated by Nrf2, induction of glutathione
synthesis could be of primary importance in the
cancer process in HT1. Glutathione acts not only
as a scavenger but also in the process of xenobiot-
ics excretion. It is known that the mutagenicity of
FAA increases upon glutathione depletion and
that FAA can decrease glutathione in cultured
cells (Jorquera and Tanguay 1997). Whether
FAA can bind to cysteines in KEAPI like fuma-
rate is unknown but is surely an attractive
concept.

Given its function in inducing cellular antioxi-
dant genes, it was logical to examine this tran-
scription factor’s behavior in HT1 since FAA is a
strong electrophile. Gene expression profiling
was also performed. The microarray analysis
revealed a strong activation of the Nrf2 pathway
in Fah™~ mice. Marhenke et al. initially defined
the function of Nrf2 in liver cancer in the HT1
mouse model (Marhenke et al. 2008). They
crossed the Fah™~ mice with Nrf27~ mice to
examine the role of Nrf2 in the pathology of the
disease. Upon removal of NTBC the Fah/Nrf2~~
mice died rapidly within 5 days as compared to
5 weeks in the Fah™~ mouse. Nrf2 did not have
any special effects on the other enzymes of the
tyrosine catabolism pathway. Thus in acute HT1,
loss of Nrf2 increased mortality and accelerated
tumor development. In their model of chronic
HT1 simulated by a treatment with full or 10% of
NTBC the Fah/Nrf2”~ mice showed a more
severe hepatitis than in the control Fah™~ mice.
The double KO mice treated with low NTBC had
enlarged livers with multiple tumors a situation
also observed in the other protocol using total
NTBC withdrawal and a liquid diet (Fig. 4.1c)
(Angileri et al. 2015). Interestingly the introduc-
tion of a chemopreventive drug (CDDO-im:
1[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-
oyl]imidazole) inducing Nrf2-regulated genes
improved survival from 3 to 8 days in FAH mice
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placed on a high tyrosine diet inducing high lev-
els of FAA (Marhenke et al. 2008). This was
Nrf2-dependent since the double KO mice were
not protected by CDDO-im. Finally it was found
that Nrf2 is critically important for hepatocyte
protection against ethanol-induced toxicity,
which is a well-known risk factor for hepatocar-
cinogenesis in humans (Lamle et al. 2008).

In the second protocol of Angileri et al.
(Fig. 4.1c), the levels of Nrf2 were measured at
different time points (from 3 days to 15 weeks)
chosen to represent different stages of the HT1-
induced pathogenic process (Angileri et al.
2015). Nrf2 was induced in the early phase after
NTBC withdrawal peaking around 1 week post-
NTBC removal (Angileri et al. 2015). A decrease
was then observed in Nrf2 levels and this tran-
scription factor was absent in the late stages of
the neoplastic process. Interestingly the absence
of Nrf2 led to high levels of AFP (alpha-
fetoprotein) in the low-NTBC animals of
Marhenke et al. (2008). Such an increase in AFP
was also observed in the late stages at 15 weeks
post-removal (Angileri et al. 2015). All these
data support testing of Nrf2 inducing chemopro-
tective drugs in chronic liver diseases.

HO-1, a target of Nrf2 was also examined
and found to be absent in FAH mice treated
with NTBC. It was rapidly induced after NTBC
removal and its level remained high up to
15 weeks. Thus while in the early stage the
level of HO-1 was consistent with its effector
Nrf2 (Fig. 4.6), its high level at the late stage of
HT1 could be due to its long half-life or a regu-
lation by another pathway. The regulation of
HO-1 is complex and goes through many sig-
naling cascades including PKC and MAPK
both of which are regulated by the HT1 stress.
The increase of HO-1 mRNA was confirmed in
microarray data (5.98-fold increase at 8 weeks
post withdrawal). A role of HO-1 in promoting
cancer has been documented in cancers includ-
ing renal cancer (Banerjee et al. 2011; Was
et al. 2010). Thus its presence at a high level in
the late stage of HT1 suggests a role in promot-
ing survival of proliferating cells. In summary,
all these studies suggest that Nrf2 plays an
important contribution in the neoplastic pro-

cess, which takes place during the evolution of
the HT1 pathology.

Finally it is intriguing that fumarate, one of
the products of tyrosine degradation by FAH is a
known inhibitor of chemical carcinogenesis in
various tissues of rodents including liver. This is
related to its action as an inhibitor of KDM2B
histone demethylase activity resulting in
improved double-strand break repair (Jiang et al.
2015). Whether fumarate levels in HT1 are
involved in the cancer process will be an interest-
ing question given its positive implications in
DNA repair of DS breaks, a possible site of action
of toxic HT1 metabolites.

4.3 Liver Regeneration:Cell

Transplantation, p21

Figure 4.7 summarizes the cell cycle pathway
and some of the major players in cancer like p53.

Liver regeneration is severely impaired in
Fah™~ mice taken off NTBC, as they show no
signs of hepatocytes proliferation even after par-
tial hepatectomy and invariably die from liver
failure within 4 days (Lehmann et al. 2012).
Microarray analysis revealed a remarkable p21
up-regulation. The cyclin inhibitor p21 is the pri-
mary target of p53 inducing cell cycle arrest and
senescence in response to triggers such as DNA
damage and telomere shortening (Choudhury
et al. 2007) (Fig. 4.7). In agreement with the
hypothesis that inhibition of hepatocyte prolifer-
ation induced by telomere shortening could delay
tumor development, a correlation between
increased p21 expression and HCC risk has been
observed in human cirrhosis (Plentz et al. 2007).
Several studies in the liver have confirmed the
importance of p21 for the regulation of liver
regeneration and hepatocarcinogenesis (Hui et al.
2008; Willenbring et al. 2008). Interestingly, p21
does not only regulate cell cycle progression in
the liver, but also apoptosis, which could facili-
tate carcinogenesis by reducing the elimination
of dysplastic hepatocytes (Zhivotovsky and
Kroemer 2004). On the other hand, there is
increasing evidence that compensatory prolifera-
tion due to increased hepatocyte death actually
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Fig. 4.7 Schematic illustration of the integrative signal-
ing model of cell cycle progression and p53 activation
during tumorigenesis. Typical examples of molecules
known to act on the cell proliferation, DNA damage
response, and cell cycle regulation via the regulatory path-
way are shown. At least 50 different enzymes can cova-
lently modify p53 to alter its stability, cellular location or
activity. Under normal cellular conditions, MDM2
represses pS3 by binding and sequestering p53, and by
ubiquitylating (Ub) p53 and targeting it for degradation.
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promotes tumor development in the liver (Qiu
et al. 2011; Sakurai et al. 2008; Yamaji et al.
2010).

Willenbring et al. were subsequently able to
show that in contrast to Fah™'~ mice, Fah/ p21~'~
mice showed marked hepatocyte proliferation
following complete NTBC withdrawal and sig-
nificantly improved survival (average life-span
4 months vs. 5.2 weeks) (Willenbring et al. 2008).
However, multiple liver tumors were found in
Fah/ p21~~ mice only 2 months after NTBC
withdrawal. Together, these data show that p21
accumulation prevents hepatocyte regeneration
and leads to liver failure and death in Fah-
deficient mice. Loss of p21 in HT1 mice restores
the proliferative capabilities of hepatocytes. This
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DNA damage, oxidative stress and oncogene activation
are among the processes that can activate pS3 by a range
of regulators that disrupt MDM2/p53 interaction. This
allows activated p53 to act as a transcription factor, acti-
vating or repressing genes involved in apoptosis, cell
cycle arrest and senescence. p53 can also move to the
mitochondria, where it physically interacts with members
of the BCL-2 family to form pores in the mitochondrial
membrane

growth response compensates cell loss due to
increased apoptosis and enables animal survival,
but it rapidly leads to HCC suggesting that the
p21-mediated cell cycle arrest is crucially impor-
tant for the prevention of DNA damage-induced
hepatocarcinogenesis in the liver.

To examine tumor onset and progression in
Fah™~ and Fah/p21~~ mice under moderate chronic
liver injury (see protocol Fig. 4.1d), livers of FAH-
deficient mice were examined on low dose 2,5%
NTBC treatment. Paradoxically, hepatocytes prolif-
eration appeared significantly reduced and, more
importantly, tumor development was profoundly
delayed in p21-deficient mice with moderate liver
injury, which provides further insight into the com-
plex regulation of cellular processes required for
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tumor development (Buitrago-Molina et al. 2009).
Interestingly, gene set enrichment analysis revealed
a significant increase in proliferation-related gene
expression in tumor prone FAH-deficient mice,
which was significantly suppressed in Fah/p21~~
mice with moderate liver injury. The factors that
drive proliferation of hepatocytes and hepatocar-
cinogenesis in chronic liver injury are not yet com-
pletely understood. Not only JNK, but also p38 and
ERK1/2 belong to a family of highly conserved
kinases that control inflammatory responses and cell
proliferation in the liver and have been implicated in
hepatocarcinogenesis (Hui et al. 2007, 2008; Morris
et al. 2012). Similarly, mTOR has been shown to
regulate growth and proliferation of hepatocytes and
tumor cells (Buitrago-Molina et al. 2009; Espeillac
etal. 2011). mTOR is a critical regulator of basic cell
functions including proliferation and survival, repre-
senting an interesting target for anti-cancer agents.
Vogel observed a correlation between mTOR activa-
tion and hepatocyte proliferation/ tumor develop-
ment (Buitrago-Molina et al. 2009). Importantly,
mTOR activation was suppressed in Fah/p21~'~
mice with moderate liver injury, in which tumor
development was delayed. In order to analyze the
role of mTOR in hepatocyte proliferation, a pharma-
cological inhibitor of rapamycin (RADO0O1) was
used (Buitrago-Molina et al. 2009). It was found that
RADOO1 specifically inhibited cell cycle progres-
sion of hepatocyte with DNA damage and was sig-
nificantly less effective in immature or healthy
hepatocytes. Interestingly, loss of p53 markedly
attenuated the anti-proliferative effects of RAD001
suggesting that the ability of RAD001 to impair cell
cycle progression requires the activation of the DNA
damage response. In addition to its effect on prolif-
eration, RADOOI sustained the apoptosis sensitivity
of hepatocytes during chronic liver injury by inhibit-
ing p53-induced p21 expression. Long-term treat-
ment with RADOO1 markedly delayed DNA
damage-induced liver tumor development. Together,
these data suggested that mTOR activation is criti-
cally important for hepatocyte proliferation during
liver injury and that it has a substantial effect on
hepatocarcinogenesis. Pharmacological inhibition
of mTOR may therefore be an effective strategy to
delay liver tumor development in patients at risk.
mTOR activity can be inhibited by multiple mecha-

nisms including nutrient limitations and DNA dam-
age. Specifically, Sestrin-2 has been identified to
suppress mTOR activity in the liver following geno-
toxic stress (Budanov and Karin 2008) (Fig. 4.7).
Mechanistically, Sestrins negatively regulates
mTOR through binding and activating AMPK,
which results in phosphorylation of TCS2 and stim-
ulation of its GAP activity. Here, a strong compensa-
tory induction of Sestrin-2 was evident in Fah/
p21~~ mice, in which mTOR activation was reduced
and tumor development was delayed. Thus, these
data suggest that there is a complex and functional
relevant cross talk between the mTOR and p53/p21
pathways in the liver.

4.4  Conclusions

Genetic inactivation of the FAH enzyme is cause of
an extremely high susceptibility for liver cancer in
HT1 disorder. Accumulation of toxic catabolites
such as FAA, MAA and SAC leads to aberrant acti-
vation of signaling pathways related to cell death
resistance and proliferation. The FAH knockout
model, representing all phenotypic and biochemical
manifestations of the human disease has helped
researchers in a deeper understanding of the mecha-
nisms responsible for cancer onset. This knowledge
warrants further investigation to improve prognosis
and diagnosis of affected patients. However the
major difficulty in HT1 research remains the elusive
nature of FAA potential target. We hope this ques-
tion will be resolved with the help of forthcoming
research.
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Tyrosinemia and Liver 5
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Abstract

Tyrosinemia is a disease of the tyrosine metabolism, affecting mainly
liver, kidney and peripheral nerves. Two forms of liver disease caused by
a deficiency of FAH are recognised: (1) acute liver failure; (2) chronic
liver disease. Since the introduction of NTBC [2-(2-nitro-4-trifluoromethyl
benzoyl)-1-3-cyclohexanedione] (nitisinoneX®) in the treatment of tyrosin-
emia, no liver disease has been observed when started in the first weeks of
life. Liver transplantation is a good option for the treatment of tyrosinemic
patients developing liver nodules, with high suspicion of hepatocarci-
noma. In the long-term outcome of the liver transplant, survival was of

90% in tyrosinemic patients.
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5.1 Introduction

Tyrosinemia is a disease of the tyrosine metabolism,
characterized by a defect in the fumarylacetoacetate
hydrolase (FAH), the last enzyme of the tyrosine
degradation pathway. The main organs affected in a
tyrosinemia are the liver, kidney and peripheral
nerves. Most probably fumarylacetoacetate and its
metabolites, succinylacetoacetate and succinylace-
tone, as well as the precursor of fumarylacetoacetate,
maleylacetoacetate, are responsible for the liver and
kidney toxicity. Neurologic crises are produced by
an accumulation of &-amino-levulinic acid due to
the succinylacetone inhibition of the &-amino-
levulinic acid dehydratase (Mitchell et al. 2014).

5.2  Clinical Findings

Two forms of liver disease caused by a deficiency
of FAH are recognised: (1) acute liver failure; (2)
chronic liver disease. Neonatal diagnosis allowed
the prescription of a diet early in life preventing
the development of an acute liver failure, in spite
of it cirrhosis developed in those patients. Since
the introduction of NTBC [2-(2-nitro-4- trifluoro-
methyl benzoyl)-1-3-cyclohexanedione] (nitisi-
none®) in the treatment of tyrosinemia, no liver
disease has been observed when started in the first
weeks of life (Larochelle et al. 2012).

5.2.1 Acute Liver Disease
Acute liver disease presents before the age of 2 years,
rarely before 2 months of life; a fulminant liver fail-
ure at onset can be observed. Patients treated by diet
only can develop liver failure and cirrhosis.
Treatment with NTBC can prevent the development
of these complications and correction of liver failure
(Larochelle et al. 2012; Lindstedt et al. 1992).
Symptoms and signs in non-NTBC-treated
patients are: anorexia, vomiting and irritability.
Infections and associated signs can be recorded,
indicating that it has probably been the cause of
the liver decompensation in the tyrosinemic
patients. Interestingly, jaundice is not present or
is mild at disease onset; marked jaundice can
occur late in the course of the disease when liver

failure develops. Patients may have an odor that
has been likened to that of boiled cabbage.

Laboratory findings leading to a suspicion of
tyrosinemia include the following: a profound
decrease of clotting factors, associated with a
mild or moderate increase of serum aminotrans-
ferase levels.

5.2.2 ChronicLiver Disease

The percentage of patients presenting as a chronic
liver disease, without previous liver failure, is
variable in different regions of the world. In
Québec, before NTBC began to be used as a
treatment, practically all patients developed cir-
rhosis in spite of neonatal screening followed by
early dietary intervention.

Hepato-splenomegaly as signs of cirrhosis
and portal hypertension are present in more than
70% of patients. Peripheral signs of chronic liver
disease such as spider angioma and palmar ery-
thema are equally seen (Mitchell et al. 2014).
Half of these children show low clotting factors,
associated with an increase of serum aminotrans-
ferase and of GGT. Alpha-foetoprotein (AFP) is
usually elevated at onset (Mitchell et al. 2014).

5.2.3 Hepatocarcinoma

The differential diagnosis of liver nodules in
tyrosinemia includes: (a) hepatocarcinoma, (b)
dysplastic hepatocytes, and (c) revertant nodules.
The latter are frequent in tyrosinemic livers, and
are the consequence of spontaneous somatic
mutations of one FAH gene allele, that restores
normal activity (Kvittingen et al. 1993).

Liver nodules were a frequent finding in patients
with tyrosinemia, before the NTBC era. In around
one third of these cases, a high degree dysplasia or
a hepatocarcinoma (HCC) was found at histologic
examination (Mitchell et al. 2014). In most cases,
HCC develops after 2 years of age; the youngest
patient reported was 15 months old. AFP increases
in patients with acute or chronic tyrosinemic liver
diseases, although in those under NTBC treatment
it should be normal or close to normal. Increase of
AFP detected during the long-term follow-up
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should alert us on the possibility of HCC develop-
ment. Conversely, some patients with HCC do not
have an elevation of AFP, and a normal level of AFP
is not sufficient to exclude the diagnosis of HCC.

5.2.4 Other Complications Related
to Liver

Neurologic crises are produced by an accumula-
tion of d-amino-levulinic acid due to the succinyl-
acetone inhibition of the enzyme d-amino-levulinic
acid dehydratase. Succinylacetone is mainly pro-
duced by the liver, and both liver transplantation
and NTBC treatment stop the development of neu-
rologic crises. The crises are episodes of acute
polyneuropathy that usually cause pain, often
severe, in the legs and can also cause paralysis
requiring mechanical ventilation if it involves the
diaphragm and months of intense rehabilitation if
it involves the lower limbs. Only some tyrosin-
emic patients develop neurologic crises but this
predisposition cannot be predicted in advance.
Prior to the availability of NTBC treatment, the
occurrence of neurologic crises was a major indi-
cation for liver transplantation in tyrosinemia.
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5.3  LiverTransplantation

Thirty-one children with tyrosinemia were trans-
planted at CHU Sainte-Justine at the mean age of
5.2 years. In 26 of them, liver transplantation was
indicated for the presence of liver nodules. In five
patients, a variety of other complications led to a
liver transplant. Among tyrosinemic patients with
liver nodules, 4 had an HCC in the histologic
examination of the explanted liver, and 22 dys-
plasia of various grades (in four cases of grade 3)
(Fig. 5.1).

Since 1996, only five tyrosinemic patients
needed a liver transplant. All of these patients
started NTBC treatment after 1 month of age,
either because NTBC became available after
that time or because the diagnosis of tyrosin-
emia was delayed due to non-detection by neo-
natal screening or birth outside of Québec in
places where newborn screening was not per-
formed (Table 5.1). Three of them were trans-
planted because of cirrhosis and liver nodules;
the fourth presented with a HCC in a cirrhotic
liver at the age of 13 years (Fig. 5.2). The fifth
patient developed an HCC after almost 16 years
under NTBC and diet; he showed a progressive
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Fig.5.1 Since 1986, 254 liver transplantations were carried on at CHU Sainte-Justine (Blue). In red, the number and
year of liver transplantations for tyrosinemia without HCC. In green, patients with HCC
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Table 5.1 Patients with failure in the neonatal diagnosis of tyrosinemia

Patients Liver failure NTBC - age
1 Yes 3,5 months
2 Yes 4 months

3 Yes 7 months

4 No 2 months

5 No No

Fig.5.2 CT-Scan of a
13 years old girl, with a
Hepatocarcinoma in a
nodular liver, leading to
the diagnosis of
tyrosinemia

increase in AFP, before the discovery of a liver
nodule (Figs. 5.3 and 5.4).

In 28 children, a liver transplant alone was
carried-out, but in 3 a combined liver/kidney
transplant was necessary, because of renal failure
or very low glomerular filtration rate at the pre-
transplant evaluation. Following liver transplan-
tation, long-term survival was 90% in tyrosinemic
patients vs 80.5% in children with other
pathologies.

5.4 Kidney Disease

Before the beginning of NTBC administration,
tubulopathy, nephrocalcinosis and renal failure
were frequent complications (Mitchell et al.
2014; Larochelle et al. 2012). In some patients,

Follow-up nodules | Liver transplantation

Yes Yes
Yes Yes
Yes Yes
No No
Yes Yes

the histologic examination of kidney biopsies
showed the presence of glomerulosclerosis or

interstitial ~ fibrosis.  Such  complications
improved under NTBC administration, and
were completely prevented when the treatment
was started in the first month of life.
Exceptionally, tubular dysfunction can persist in
those in whom NTBC is started later in life
(Larochelle et al. 2012). A careful and complete
evaluation of the kidney function is recom-
mended before a liver transplant, since the main
immunosuppressors used, calcineurin inhibi-
tors, are highly nephrotoxic.

In addition, a close follow-up of the renal func-
tion, particularly in patients with tyrosinemia, is
evaluated every year after the liver transplanta-
tion. The results of this testing show that after a
liver transplant, no significant deterioration of the
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Fig. 5.3 Slow progressive increase of serum alpha-fetoprotein in a patient treated by NTBC. Treatment was started

during infancy because of liver failure at onset

glomerular filtration rate (GFR) was recorded
(Herzog et al. 2006). For immunosuppression,
those patients received cyclosporine between
1986 and 2003, and tacrolimus thereafter.
Cyclosporine total dosage was divided in three
daily doses. This method allowed decrease by
about 30% of total daily amount of cyclosporine,
while maintaining a similar area under the curve.
In addition, those with the lowest GFR also
received diltiazem as a kidney protector.

5.5 Particular Comments

In our experience, the success of liver transplan-
tation in tyrosinemia is higher than in children
with other liver diseases. Potential explanations

for this difference in tyrosinemic patients include:
(1) no previous surgery; (2) normal nutritional
status at the time of the liver transplant; and (3)
more frequent use of entire livers. Post-transplant
complications in tyrosinemic children were less
frequent but not essentially different from the
non-tyrosinemic group. One patient needed a
liver re-transplant at the age of 20 years due to
“chronic” hepatocellular rejection and cirrhosis.
This child had received 15 years before, as a first
graft, a liver from a 60 year-old donor showing a
slow recovery of function during the immediate
post-transplant period, probably influencing the
final outcome.

One child had a late diagnosis of tyrosinemia,
and presented with a non-resectable hepatocarci-
noma that did not fulfill the criteria for liver
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R

Fig.5.4 (a) Liver from the patient with high AFP (Fig. 5.3), showing a nodule of 11 x 15 mmm. (b) Tumor and normal
tissu separated by fibrosis. (¢). Normal liver. (d) Tumor histology

transplantation (Fig. 5.2). This girl responded to
chemotherapy, showing a remarkable decrease of
the liver nodule. Thereafter, she was successfully
transplanted. Currently, her follow-up time is
9 years, without relapse. The remarkably favor-
able response to chemotherapy in this patient has
led to speculate that hepatocarcinoma in patients
with HT1 may behave differently from those
caused by other diseases.

Kidney function is a great concern in the
long-term follow-up, since it could be affected
before the liver transplant and could further
deteriorate by the use of calcineurin inhibi-
tors. Two measures were applied by our team
to prevent such issue: (1) administration of
calcineurin inhibitors in three daily doses
(instead of two), leading to a decrease of the
total amount administered (=230%) and lower
peaks without modification of the area under
the curve (pharmacokinetics); and (2) pre-
scription of calcium channel inhibitors (dilti-

azem) to avoid arterial vaso-constriction in
the kidney. It was shown that calcium block-
ers inhibit  calcineurin-inhibitor-induced
hyperactivity of vascular smooth muscle cells
(Grzesk et al. 2012). In addition, human and
animal studies showed that through this mech-
anism, diltiazem attenuates nephrotoxicity of
cyclosporine or tacrolimus (Gokce et al.
2012).

Succinylacetone in urine is found in patients
transplanted for tyrosinemia; however, no
changes in the GFR rate have been observed
(Lindstedt et al. 1992; Pierik et al. 2005). These
findings support the current protocol of treatment
of children transplanted for tyrosinemia, consist-
ing of an unrestricted diet without NTBC
administration.
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5.6 Conclusions

In conclusion, our experience shows that liver
transplantation is a good option for the treatment
of tyrosinemic patients developing liver nodules,
with high suspicion of hepatocarcinoma. Patients
under NTBC treatment and diet, without liver
nodules are not considered to be candidates for
transplantation because the advantages of trans-
plantation (i.e., the convenience of an unre-
stricted diet, plus the withdrawal of NTBC
treatment) are outweighed by the morbidity-
mortality of the procedure and by the risk of
long-term administration of toxic immunosup-
pressive medication.
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Abstract

HTI is a severe autosomal recessive disorder due to the deficiency of
fumarylacetoacetate hydrolase (FAH), the final enzyme in the degradation
of tyrosine. Before the era of treatment with 2-(2-N-4-
trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC), even with new-
born screening and optimal diet therapy, HT1 patients often developed
liver failure. Death was common in patients who did not undergo liver
transplantation. For the last two decades, NTBC has revolutionized the
management of HT1 patients. In screened newborns treated within the first
month of life, we have not observed hepatocarcinoma. If patients are not
detected at birth by neonatal screening, the diagnosis and treatment must
be performed on an emergency basis, and patients are at risk for complica-
tions. Long term adhesion to treatment and reliable early detection of
hepatocellular carcinoma (HCC) are two important challenges. In this
chapter, we describe the clinical, biological, histo-pathological and imag-
ing findings of HT'1 in Québec before the era of NTBC. We also describe
the hepatic status of nontransplanted tyrosinemic patients in Quebec and
current management practices in the Quebec NTBC Study.
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6.1 Introduction

Hepatorenal tyrosinemia or tyrosinemia type I
(HT1) is a severe autosomal recessive disorder
caused by the deficiency of fumarylacetoacetate
hydrolase (FAH), the final enzyme in the degra-
dation of tyrosine. This leads to accumulation of
proximal metabolites including maleylacetoace-
tate (MAA) and fumarylacetoacetate (FAA),
which are converted to toxic byproducts, succin-
ylacetoacetate (SAA) and succinylacetone (SA)
(Mitchell et al. 2001).

The worldwide incidence of HT1 is estimated to
be 1:100,000-1:125,000 and a high number of

cases have been described in regions such as
Quebec (Canada), Scandinavia and some parts of
Turkey (see Aktuglu-Zeylek and Gigden, this book
Chap. 15) and India (Mayorandan et al. 2014). In
Quebec, the carrier rate is about 1/60, reaching
1/20 in the Saguenay-Lac Saint-Jean area (1/1,846
live births) where the founder mutation IVS12+
5G>A is particularly prevalent (De Braekeleer and
Larochelle 1990; Grompe et al. 1994). Universal
newborn screening for HT'1 has been performed in
Quebec since 1970 (Grenier et al. 1982).

In this chapter, we summarize the liver features
of HT1 patients before the era of 2-(2-N-4-
trifluoromethylbenzoyl)-1,3-cyclohexanedione
(NTBC), including clinical, biological, histo-
pathological and imaging findings, focusing on
the Quebec experience. Then we describe the cur-
rent hepatic situation of patients treated in the
Quebec NTBC Study and our recommendations
for liver surveillance and management of the
Quebec cohort. Early data about the course of
HT1 patients before the availability of NTBC have
been published elsewhere (Larochelle et al. 1973;
Paradis et al. 1990). Data about liver transplanta-
tion in Quebec are reported in another chapter of
this volume (Alvarez and Mitchell, Chap. 5).

6.2  Clinical Presentation

In children who are not detected by newborn screen-
ing and who do not receive treatment with NTBC,
the clinical course of HT1 may be highly variable.
The spectrum includes acute (or sub-acute) and
chronic forms (Larochelle et al. 1967; van Spronsen
et al. 1994). The acute form is associated with rapid
disease progression, characterized by severe liver
disease in the first 6 months of life. Liver synthetic
function is particularly severely affected. Symptoms
include bleeding abnormalities, hypoglycemia,
ascites, oedema, vomiting, irritability and jaundice.
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Laboratory findings show abnormally prolonged
prothrombin (PT) and activated partial thrombo-
plastin time, increased international normalized
ratio (INR), and decrease of coagulation factors
(factors II, V, VII, IX, X, XI and XII) as well as
elevation of serum aminotransferases, gamma glu-
tamyl transpeptidase. Since the defect in hepato-
cytes is primarily synthetic rather than cholestatic,
hyperbilirubinemia tends to occur late, when liver
failure is already established. Therefore, lack of
hyperbilirubinemia is not infrequent and does not
exclude HT1 in a patient with liver failure.
Conversely, a patient who presents with marked
hyperbilirubinemia and relative preservation of syn-
thetic function is unlikely to have HT1.

The chronic form classically affects patients
older than 1 year of age. Fibrosis and cirrhosis
develop, but episodes of acute liver failure can
occur in the context of infections and other
stresses. Some patients have renal tubular dys-
function with a Fanconi syndrome of variable
severity resulting in phosphaturia with hypo-
phosphatemia and sometimes rickets, glycosuria,
generalized  aminoaciduria,  hypercalciuria,
hyperchloremic metabolic acidosis and hyperuri-
cosuria’hypouricemia). ~ Cardiomyopathy  is
described but in our experience is rarely of clini-
cal importance. Episodes of acute hepatic
porphyria-like neurologic crises can occur
(Mitchell et al. 1990). Not all patients fall neatly
into these two groups. In practice, there is a spec-
trum of disease severity. Some patients have an
intermediate, “subacute” course. Rare patients
have a prolonged course, in which cirrhosis and
renal failure develop insidiously in early
adulthood.

A key consideration is the high risk of hepato-
cellular carcinoma (HCC) as a mid- or long-term
complication of HT1 (Paradis et al. 1994; van
Spronsen et al. 2005; Koelink et al. 2006). The
presence of a liver nodule in patients with tyro-
sinemia is an indication for urgent evaluation and
is considered to be cancerous until proof to the

contrary. Liver parenchymal changes of some
HT1 patients, including fibrosis and steatosis,
may make difficult the diagnosis of HCC on
imaging techniques.

Serum alphafetoprotein (AFP) is increased
in virtually all patients at the time of diagnosis.
When NTBC treatment is started during the first
month of life, AFP level typically normalizes
over 12 to maximum 24 months of life. In non-
NTBC treated patients AFP levels tend to
improve with age and diet treatment, but usually
do not normalize (Larochelle et al. 1967; van
Spronsen et al. 1994).

HT1 patients are followed with repeated assay
of serum AFP. This test should not be used alone
as the only marker of HCC because it lacks speci-
ficity and sensitivity. However it is useful clini-
cally when integrated with clinical and imaging
considerations. Serum AFP can fluctuate, but a
steady increase of AFP levels raises the suspicion
of a HCC. Serum AFP levels are elevated in most
cases of HCC but also can be high in patients
with regenerative nodules (such as in the recu-
peration phase from severe liver crises in non-
NTBC treated patients), fatty nodules and if
NTBC treatment is stopped. Importantly, in some
HT1 patients, HCC can occur with normal or
only slightly elevated serum AFP levels (Paradis
et al. 1990; van Ginkel et al. 2015).

In the Québec NTBC Study, we use an inte-
grated clinical approach that includes (1) careful
consideration of the clinical history (time of start-
ing NTBC treatment, rapidity of AFP response,
(2) adherence to treatment as seen by serial
plasma NTBC and plasma and urine SA levels),
(3) monthly surveillance of serum AFP levels and
serial imaging with careful comparison to previ-
ous imaging studies. No single parameter suffices
to diagnose or to exclude HCC.

Abdominal imaging is an essential element.
Abdominal ultrasound (US) and magnetic reso-
nance (MR) imaging are the modalities of choice
for serial evaluation of liver, kidneys and pan-
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Fig. 6.1 MR imaging results suggesting HCC in a
16-year old boy with HT1presenting with AFP increase.
Gd-EOB-DTPA-enhanced 3D Tl-weighted images
obtained at (a) precontrast (b) arterial phase 20 sec and (c¢)
at 60 sec (portovenous phase). On segment VIII of the

creas in HT1 patients, preferably by the same
radiologist using detailed comparison with pre-
vious studies. The liver screening is important to
exclude liver nodules. US permit to detect small
nodules sometimes difficult to see on
MR. Nodules are hyper or hypoechoic in a het-
erogeneous (when macronodular cirrhosis is
present) or normal parenchyma on US. It is
impossible to make the difference between
regenerative nodules, dysplasic nodules or
HCC. However, MR imaging with the hepatocel-
lular contrast allows a better characterization of
lesions. Several publications suggest the
Gd-BOPTA contrast (gadobenate dimeglumine,
MultiHance®, Bracco Imaging SpA, Milano,
Italy) and more recently Gd-EOB-DTPA (gado-
linium ethoxybenzyl diethylenetriamine penta-
acetic acid [or gadoxetic acid: Primovist®/
Evovist®]) as improved tool to detect small HCC
nodules (Grazioli et al. 2010; Granito et al. 2013;
Haradome et al. 2011). The MR dynamic acqui-
sition is performed with the intravenous injec-

liver, an hypointense lesion was seen in pre-contrast
image with a significant arterial phase enhancement with
wash-out on the porto-venous phase compared to the liver
parenchyma

tion of 0.1 cc/kg = 0.025 mmol/ml of Primovist®
with a pre-MR scanning followed by 25 seconds
(sec), 70 sec, 3 minutes (min), 5 min, 20 min and
60 min post-injection scanning. It permits to
increase the specificity of lesions. Most of the
HCC nodules present with a portal washout fol-
lowed by a hypointense lesion with a capsule
and a hypointense lesion on delayed phase
(Fig. 6.1).

In a recent meta-analysis, up to 400 articles
related to agents contributing to the characteriza-
tion of HCC nodules have been reviewed by Liu
et al. (2013). Authors have also studied more
than 200 publications focusing on agents to diag-
nose liver metastases from various origins.
Altogether, with Primovist® as contrast agent in
the diagnosis of HCC, the sensibility is around
91% (false negative rate may be related to a
hyperintense aspect of HCC in ~7% of cases) and
the specificity reaches 95% (false positive rate
may be related to a hypo-intense aspect of other
lesion like cholangiocarcinoma).
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Possible extrahepatic findings on abdominal
imaging include nephromegaly, nephrocalcinosis
and renal cortical hyperechogenicity. The pancreas
can occasionally be hyperechogenic but this is not
typically associated with clinical signs.

6.3  Pathology

The histo-pathologic changes are variable
depending on acute or chronic presentation mode
(Dehner et al. 1989; Watanabe et al. 1983;
Demers et al. 2003). In the early form, macro-
scopically, the liver will be enlarged and fre-
quently pale. Usually, histo-pathologic changes
include usually micronodular cirrhosis, fibrotic
septa, bile duct proliferation within portal tracts
and steatosis. The normal hepatic architecture is
substituted by pseudoacinar or nodular forma-
tions around a central duct with bile plugging.
Accumulation of iron in hepatocytes or Kuppfer

cells can occur, as can giant cell transformation.
In the chronic form of HT1, the liver is nodular,
coarse and enlarged and histological analysis
shows micro and macronodular cirrhosis, vari-
able amount of steatosis, fibrotic septa and mild
lymphoplasmatic infiltrate. Ductular prolifera-
tion, cholestasis or intralobular inflammation is
less marked. Large or small type liver cell dyspla-
sia may be present and is considered to be a pre-
malignant lesion. Ultra-structural features
include fatty inclusions into the hepatocytes with
dilatation of endoplasmic reticulum and variable
changes in the mitochondria.

HCC lesion size may be variable but, usually,
small HCC measures less than 2 cm on diameter
and macroscopically, it can be indistinguishable
from macroregenerative nodules, in particular
when liver cirrhosis occurs. A fibrous capsule
and an approximately nodular aspect with irregu-
lar borders are usually present. Some green areas
may alternate with yellow parts corresponding

Fig. 6.2 (a) Macroscopic appearance of a liver from an
adolescent who presented with hepatomegaly and renal
Fanconi syndrome and received NTBC treatment from the
age of 11 months. He had with a nodular lesion located in
segment VIII, measuring around 15 x 15 mm. (b, ¢)

Microscopically, the lesion is multinodular, well limited
by a thin fibrotic capsule. The lesion is highly acinar (con-
tinuous arrow), with substantial cell proliferation.
Multiple hepatocytes strands are present (dotted arrow)
(Hematoxylin and eosin, x200 (b) and x400 (c))



80

U. Halac et al.

respectively to bile staining and fat accumulation
into tumor cells. The diagnosis is confirmed
microscopically. HCC measuring less than 2 cm
of diameter is well-differentiated and is com-
posed of thin and multiple strands of hepatocytes.
Some trabecular and acinar patterns are often
mixed at the microscopic analyze. Tumor cells
are assembled is cords of variable thickness sepa-
rated by sinusoidal blood spaces. Initially, lesions
have a thin trabecular pattern but with clonal
expansion inducing the dedifferentiation, trabec-
ulae become thicker. Mallory hyaline and intra-
cytoplasmic proteinaceous accumulations are
visible as well as loss of reticulin fibers
(Washington and Harris 2010) (Fig. 6.2).

6.4  Quebec Cohort
In this section, the clinical and imaging features
of the liver and the hepatological management of
Quebec patients with HT'1, is described.
Currently, 88 patients (43 females) are indi-
vidually followed by a pediatric hepatologist at
the coordinating center. Each patient is examined
at least once a year during a interdisciplinary
clinical visit, as described in the Quebec NTBC
Study protocol. Patients have liver US every
6 months and abdominal MR imaging every
12 months. Recently, an annual fibroscan has
been added. The usefulness of this examination
of liver stiffness in HT1, and its optimal fre-
quency, will be evaluated over the next years. In
stable patients, AFP and alanine aminotransfer-
ase are measured every 3 months and albumin,
INR and PT are assessed every 6 months.
Among entire cohort, 85 patients had a neona-
tal screening for HT1. Currently the median age
is 13.9 years (range (1): 41 days (d) to 42.4 years
(y)). The first use of NTBC occurred on February
1994 in a 5 year-old girl. NTBC treatment was
started during the first month of life in 67 of 88
patients (median age: 25 days, range: 2 days to
21.7 years). Currently, the median duration is
13.8 years. At the evaluation in spring 2016,
81/88 patients (92%) had normal levels of ala-
nine aminotransferase (<35 U/L). In the seven

remaining patients (including five males in whom
median BMI was 31.2, range, 26-50.1) with
increased ALT (mean level 49.7 U/L, range
36-76 U/L), liver steatosis was confirmed on
abdominal ultrasound. No other cause was found
for the elevated level of AFP in these patients.

Serum AFP (N<10 ng/ml after the age of
12-18 months) is measured every 3 months.
Excluding patients younger than 18 months, two
patients had chronically increased AFP levels.
The first is a 22-year-old man who started NTBC
at 5 months of age in whom AFP levels decreased
to about 50 ng/ml, and have remained at this level
for almost 15 years. Extensive evaluations have
been performed in this patient. No sign of HCC is
evident. The second patient is a 23-year-old man
who started NTBC at 8 months of age. His AFP
levels are normal but liver imaging is potentially
compatible with HCC. He is currently under
evaluation for a possible liver transplantation.

In our experience, no patient who received
NTBC treatment before the age of 1 month has
developed HCC. Conversely, even early-treated
patients are considered to be at risk, and current
plans are to follow them throughout their lives.
Among the patients who began treatment at an
older age, some have developed HCC and are
described in the chapter about liver transplanta-
tion in HT1 in Quebec (Chap. 5).

Altogether, 14 liver biopsies have been per-
formed in 12 patients over the 20 y follow-up
period. The main indication was unexplained
cytolysis and/or increased AFP levels with suspi-
cion of liver dysplasia. The Metavir score
(Bedossa and Poynard 1996) was normal (FO-F1)
for all except two patients who had an abnormal
Metavir score of (F3). One of these patients even-
tually developed HCC and underwent liver
transplantation.

Among the nontransplanted patients in the
Quebec cohort, 21 patients began NTBC treat-
ment after the first month of life due for example
to birth before the NTBC era or birth outside of
Quebec in a region without screening, with
delayed diagnosis. To date, all patients except the
two young men discussed above, show normal
AFP and imaging without suspicion of hepatic
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nodules,. Typically, serum SA levels are near to or
within the control reference range (<24 nmol/L),
discussed in the chapter dealing with clinical
challenges in tyrosinemia (Chap. 19).

6.5 Management of Liver

Complications

The management of liver disease is challenging
during the acute phase of HT1. In our experience,
in recent years, due to the effectiveness of gener-
alized neonatal screening combined with rapid
NTBC and diet treatment, acute liver crisis have
not occurred. Historically, during liver crises,
non-NTBC treated HT1 patients were hospital-
ized. Caloric intake was maximized by enteral or
parenteral routes, in order to limit catabolism and
the enhanced breakdown of phenylalanine and
tyrosine to the toxic metabolites that accumulate
in HT1. Intake of phenylalanine and tyrosine was
restricted and subsequently increased as permit-
ted by the clinical course. Management of infec-
tions, which are important precipitants of acute
liver crises, was a major goal. The clinical
description and biological findings in HTI1
patients prior the era of NTBC are described else-
where (Mitchell et al. 2001).

In screened, NTBC-treated HT1 patients, our
clinical approach for chronic liver disease
focuses mainly in the detection and follow-up of
nodules in order to assess the indication for liver
transplantation. It is difficult to be certain of the
malignant potential of nodules, in particular in
those with imaging signs compatible with
HCC. For this reason, we still believe that any
patient metabolically well controlled with thera-
peutic levels of NTBC, who presents with
increase of serum AFP and with repeated imag-
ing confirming such nodules, should be assessed
for liver transplantation. In our experience, the
major risk factor for the development of liver
nodules and of HCC, is the absence of early
diagnosis leading to a delayed NTBC treatment
(after the first month of life). Over the last
22 years, no patient who was diagnosed follow-
ing a positive neonatal screen and who was

treated before 1 month of age, has required liver
transplantation.

6.6  Future Perspectives

Research into new therapeutic avenues, including
stem cells and gene therapy, is providing interesting
preliminary results (Hickey et al. 2014, 2016). The
main challenge of these approaches is to substitute
all hepatocytes without leaving a single FAH-
deficient cell, which is not yet possible. Research in
genetically modified stem cells is discussed else-
where in this volume. Although it is not currently
applicable clinically, these techniques may play a
role in the future for the management of HT1.

6.7  Conclusion

Since the publication of Lindstedt and Holme
(Lindstedt et al. 1992), NTBC therapy has revolu-
tionized the medical management of HT1 patients.
For two decades, we moved from the symptomatic
treatment of life threatening hepatic emergencies
to the elective regular surveillance of patients who
have a high quality of life and who function nor-
mally in society. In Quebec, and increasingly else-
where, identification of HT'1 by newborn screening
permits treatment to be started before the develop-
ment of clinical symptoms or of detectable organ
damage. Of course, this treatment requires adher-
ence to a special diet and to the prescription of
NTBC. Adherence has proven difficult for some
patients, particularly during adolescence, as dis-
cussed in the chapter in this volume devoted to
future clinical challenges. The clinical course to
date is promising and continued follow-up of the
Québec NTBC study cohort will continue to pro-
vide answers about the long-term hepatic outcome
of the medical treatment of HT'1 patients.
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Liver Transplantation
for Hereditary Tyrosinaemia Type
1 in the United Kingdom

Patrick McKiernan

Abstract

Fourteen children have undergone liver transplantation for hereditary
tyrosinaemia type 1 (HT1) at Birmingham Children’s hospital (BCH)
since 1989; six were treated prior to the availability of Nitisinone in 1993
and eight in the post Nitisinone era. Prior to 1993 essentially all children
with HT1 were referred for transplantation. In the Nitisinone era only
those with unresponsive liver failure or suspected malignancy were con-
sidered for transplantation. Those who were treated pre-emptively follow-
ing newborn screening have no evidence of liver disease and none have
required transplantation.

Absolute patient survival is 86% for the whole group and 100% in the
Nitisinone era. There has been a functional correction of the metabolic
defect in all cases allowing a normal diet. Persistent renal succinylacetone
production was universal but did not appear to have any clinical conse-
quence. Renal function appeared better, and hypertension less common in
those treated in the Nitisinone era.

Outcome was poorer for those four children with established malig-
nancy; one was unfit for transplantation and another developed a pulmo-
nary metastasis, which was successfully resected.
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HB Hepatoblastoma

HCC  Hepatocellular carcinoma

HTI1 Hereditary tyrosinaemia type 1
PCR  Protein:creatinine ratio

SA Succinylacetone

TRP Tubular reabsorption of phosphate
7.1 Introduction

Liver transplantation for hereditary tyrosinaemia
type 1 (HT1) was first undertaken in 1976 by
Professor Starzl in a 9-year-old girl who had
developed hepatocellular carcinoma (HCC)
(Fisch et al. 1978). Although she died 3 months
later from infective complications, her metabolic
defect was corrected. Since that time more than
150 liver transplants have been undertaken for
HT1 with greater than 80% long term survival
(Bartlett et al. 2014; Mayorandan et al. 2014).
The metabolic effect has been consistent with an
immediate functional correction of the systemic
defect allowing a normal diet in all cases.
Fourteen children have undergone Liver trans-
plantation for HT1 at Birmingham Children’s
hospital (BCH) since 1989.

The outcome for children with HT'1 continues
to improve era on era (Mayorandan et al. 2014).
This is multifactorial and encompasses progress
in medical management, the possibility of pre-
emptive treatment following newborn screening,
the availability of more palatable dietary prod-
ucts and in the management of liver transplanta-
tion and immunosuppression.

Liver transplantation in children for metabolic
disease is a highly successful treatment with an
expected 1 year survival following elective trans-
plantation of greater than 95% in experienced
centres (Mazariegos et al. 2014). Children sur-
viving more than 1 year can confidently expect
long-term survival (McKiernan 2010). Follow up
studies are consistent in showing that correction
of the metabolic defect is lifelong, and that
quality-of-life for children and their families are
excellent for the great majority.

Indications
for Transplantation

7.1.1

As with any hepatic based inborn error of metab-
olism whether and not liver transplant is appro-
priate will depend on the interaction of current
clinical status, success and availability of liver
transplantation and the effectiveness and tolera-
bility of alternative treatments. Traditionally the
major indication for transplantation in HT1 has
been to prevent the development of hepatocellu-
lar carcinoma (HCC). This was based on a “not if
but when“philosophy. In practice all children
with HT'1 were candidates for transplantation and
the exact timing of listing was determined on
local criterion. These ranged from either arbitrary
size or age criterion to some individual biological
marker suggesting increased risk of HCC (Mohan
et al. 1999; Sokal et al. 1992). These latter
included rising alpha-fetoprotein (AFP), histo-
logical evidence of hepatocyte dysplasia or
radiological features such as the development of
new nodules or progression of established ones.
The availability of Nitisinone from 1993
transformed this approach. From this time all
were treated with Nitisinone and a more expect-
ant approach taken (McKiernan 2013).
Indications for transplantation became failure of
Nitisinone and suspected (or proven) HCC. As
shown in Table 7.1, referral for transplantation
became the exception rather than the rule. Only
one child was transplanted because of liver failure

Table 7.1 Referral for transplantation at Birmingham
Children’s Hospital in two eras

Pre- Post-

nitisinone | nitisinone

(1989- (1993-

1992) 2015) P value
No. referred for 6/7 94/34 <0.05
transplantation
Age at transplant 61 53 0.94
months (range) (19-126) | (5-173)
Time on nitisinone 39
prior to (2-161)
transplantation
(months)
Median age OLT 428 0.03
starting nitisinone No OLT
treatment (days) 32

*Only eight underwent transplantation
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Table 7.2 Radiological findings and alpha-fetoprotein
(AFP) evolution in eight children treated with Nitisinone
referred for liver transplantation for suspected malignancy
at Birmingham Children’s Hospital 1993-2015

Radiological
AFP evolution appearance
Persistent
elevation 1
Initial fall and
secondary
decrease 2

Proven Dominant nodule 3

malignancy (3)

Extrahepatic
spread (1)

Hepatic Fell to normal Dominant nodule

adenoma (1)

Initial fall but
never
normalised

Non dominant
nodules 3

Suspected
malignancy (4)

Dominant nodule 1

despite Nitisinone. Eight children were referred
for transplantation because of proven or sus-
pected malignancy. Interestingly the age at trans-
plantation was similar in both eras.

Of the eight children referred with suspected
malignancy following Nitisinone treatment this
was confirmed in three. Two children had devel-
oped HCC and one developed hepatoblastoma
(HB). One other child proved to have an ade-
noma, which has not been reported in HTI1
before, but in the context was probably a prema-
lignant lesion. The AFP patterns and radiological
appearances in the referred children are sum-
marised in Table 7.2. All children had abnormal
cross-sectional radiology, which showed a multi-
nodular appearance. In the cases with proven
malignancy there was a dominant nodule in com-
bination with an abnormal evolution of AFP. In
contrast, the four children without proven malig-
nancy showed a logarithmic decease in AFP, but
which failed to completely normalise. Only one
of these four had a dominant nodule on imaging.

This demonstrates how difficult management
decisions can be in individual cases. Given the
risk of irreversible consequences from established
malignancy and the excellent results of transplan-
tation; where there is genuine diagnostic doubt,
transplantation will usually be indicated.

Unfortunately the one child with HB had evi-
dence of extrahepatic disease with extensive
splanchnic vascular thrombosis when the tumour
was recognised. There was no meaningful response
to chemotherapy and the tumour proved rapidly
fatal. There have been two previous reports of

hepatoblastoma in HT'1 (Buyukpamukcu et al. 2006;
Nobili et al. 2010), which suggests that it is not a
coincidental association. However the very different
aetiological spectrums of HCC and HB make a
mechanistic link difficult to explain at this time.

It is also important to highlight the impact of
age when Nitisinone was commenced. Of the 34
children treated at BCH since 1993, 12 were
treated pre-emptively following detection by
newborn screening. This cohort remains well
with normal AFP and hepatic imaging at median
age of 9 years (McKiernan et al. 2015) and other
centres have reported similar experience
(Larochelle et al., 2012). None of this cohort
have been considered for transplantation and it
seems unlikely they ever will be. Going forward,
the indications for liver transplantation in HT1
will continue to be unresponsive liver failure and
where hepatic malignancy is suspected in patients
who initially presented symptomatically.

7.1.2 Management
of Transplantation

All children received orthotopic transplants from
cadaveric donors. Immunosuppression manage-
ment was according to the contemporaneous pro-
tocol, with some minor modifications. Prior to
2000, immunosuppression consisted of lifelong
Cyclosporin in combination with Prednisolone
for 3 months and Azathioprine in the first year.
Following 2000, Tacrolimus was substituted for
Cyclosporin and Azathioprine. Since 2004 anti
IL-2 induction and mycophenolate mofetil were
added in tandem with lower Tacrolimus target
levels with the aim of preventing nephrotoxicity.

7.1.3 Post Transplant Monitoring

Conventional monitoring of renal function, liver
function and immunosuppression was as accord-
ing to the contemporaneous protocol. Renal func-
tion (calculated glomerular filtration rate, cGFR)
was evaluated using the Schwartz formula for
height:creatinine ratio expressed in ml/
min/1.73m? and calculated as (height in cm X
40)/plasma creatinine (Schwartz et al. 1987).
c¢GFR was classified using the National Kidney
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Foundation stages of chronic kidney disease clas-
sification (National Kidney Foundation 2002).
Tubular function was assessed by tubular reab-
sorption of phosphate (TRP) and urinary
protein:creatinine ratio (PCR). Normal TRP was
considered to be >80% and normal PCR <20 mg/
mmol. Formal measures of glomerular filtration
rate were undertaken at least every 5 years. In
those transplanted for malignancy, or where
malignancy was discovered in the explanted liver,
AFP was repeated every 3 months for 1 year and
subsequently annually. The extent of the residual
metabolic defect was assessed by annual mea-
sures of urinary and plasma succinylacetone (SA)
and plasma amino acids.

7.1.4 Outcome of Liver
Transplantation for HT1

Fourteen children underwent transplantation at a
median age of 5 years (4 months—13 years) of
whom 12 survive, currently aged 23 (2-34) at a
median of 17 years (2-26) post transplantation.
Six underwent transplantation prior to the avail-
ability of Nitisinone and eight had received
Nitisinone prior to transplantation (Fig. 7.1).
There were two deaths in the early cohort giving
an absolute patient survival of 86%. One patient
developed hepatic artery thrombosis with chronic
rejection and had a re-graft 11 months later. He
developed the same complications in the second

120

=
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Mean cGFR ml/min/1.7m?
8 3

N
o

pre-OLT 3 months 6 months

T

graft and died 5 months later. A second patient
from the early era developed primary non-
function and died 10 days later despite urgent
re-transplantation.

All eight patients undergoing transplant in the
second cohort are alive and well. Two have
required repeat transplantation giving an absolute
graft survival of 71%. One patient underwent
transplant for proven HCC aged 13 and received
a second transplant 8 months later for chronic
rejection. Another patient who underwent first
transplant age 4 months required repeat trans-
plantation due to a combination of vascular out-
flow obstruction and biliary fibrosis 12 years
later.

7.1.5 Outcome of Transplantation
for Established HCC

Three children had established HCC at the time
of transplant. In two cases this had been detected
preoperatively and was the primary indication for
transplantation while in the other it was an inci-
dental finding in the explanted liver. One child
had presented with chronic liver disease aged
20 months, which responded well to Nitisinone.
At age 13 routine monitoring simultaneously
detected a new hepatic nodule and a rapidly ris-
ing AFP. He underwent transplant 2 months later
and by then there was evidence of vascular
invasion. Due to the high risk of recurrence his

M nitisinone

no nitisinone

1year 2 years 5 years

Time point

Fig.7.1 Change in cGFR following liver transplantation in pre and post Nitisinone eras
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immunosuppression was minimised but he devel-
oped chronic rejection requiring repeat transplant
8 months later. Two years after the original trans-
plant routine monitoring showed an acute rise in
AFP and chest radiology revealed a pulmonary
metastasis. Abdominal imaging showed no recur-
rence and the pulmonary metastasis was fully
resected. He remains well without evidence of
further recurrence 9 years later.

The second case was asymptomatic until pre-
sentation with abdominal distension aged
4 months. A large hepatic mass was found with
grossly raised AFP. Histology was suggestive of
a hepatoblastoma and she received appropriate
chemotherapy. Although the mass showed some
response it was never resectable. Further investi-
gation of persistent coagulopathy confirmed she
had HT1 and Nitisinone was commenced. She
underwent liver transplant aged 7 months and
remains well 3 years later. Histology of the
explant confirmed the tumour to be HCC. She did
not receive any further chemotherapy.

The final case was treated in the pre-Nitisinone
era. He underwent liver transplantation aged 5
because of established hepatocyte dysplasia. The
explant was found to contain an established HCC
without vascular invasion. He developed chronic
rejection, which recurred following repeat trans-
plantation and he died 16 months after original
transplantation. There was no evidence of tumour
recurrence at any time.

This experience demonstrates that liver trans-
plantation in children with HT1 and established
malignancy has an acceptable outcome, even
when vascular invasion has been shown. However
the morbidity is higher compared to those where
malignancy was suspected rather than proven
prior to transplantation. An additional child with
malignancy had already developed extrahepatic
metastases by the time malignancy was recog-
nised and hence was never suitable for transplan-
tation. There is an ongoing need for close
monitoring for malignancy in children with HT1
who present clinically and a need for improved
methods for early detection (Baumann et al.
2006).

7.1.6 Glomerular Function

Changes in ¢cGFR pre- and post-OLT are shown
in Fig. 7.1. Median pre-operative ¢cGFR values
for patients treated with Nitisinone (104 ml/
min/1.73m?, range 54—152) were similar to those
of the early cohort (100 ml/min/1.73m?, range
58-146). By 3 months after OLT, cGFR had sig-
nificantly decreased in the early cohort (46 ml/
min/1.73m? range 40-51, p = 0.02) but not in the
Nitisinone treated cohort (90 ml/min/1.73m?
range 51-172 p = 0.5). At later time points,
median cGFR remained slightly below normal in
those treated with Nitisinone equivalent to stage
1 or stage 2 (60-89 ml/min/1.73m?) chronic kid-
ney disease. In patients who had not received
Nitisinone, median cGFR remained lower than
those who had received Nitisinone. These were
equivalent to stage 3A chronic kidney disease
(45-59 ml/min/1.73m?) for up to 6 months but
later they improved to within the stage 2 category.
However, there was no statistically significant
difference between the two groups after 3 months.
One patient who did not receive Nitisinone and
had stage 2 chronic kidney disease prior to trans-
plant (¢cGFR 64 ml/min/1.73 m?) was the only
patient whose renal function failed to improve
following OLT. He developed renal failure and he
underwent successful renal transplant 21 years
post liver transplant.

7.1.7 Tubular Function

There was a trend towards higher TRP pre-OLT
in the Nitisinone-treated group compared to those
not treated with Nitisinone (93% range 91-98%
vs. 82% range 50-88%, p = 0.05) although values
were within the normal range for all except one
patient in the non-nitisinone group who had a
pre-OLT TRP of 50%. Following OLT, TRP
remained normal in all patients in both groups up
to 5 years with no significant difference between
groups.

Urinary PCR was raised in about 50% of chil-
dren pre-OLT with no significant difference
between those who received Nitisinone and those
who did not (median 25.7 range 14.0-32.2 vs.
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median 19.0 range 13.5-32.0, p = 0.6). Following
OLT urinary PCR remained elevated in the
majority of children who did not receive
Nitisinone and normal in the majority of children
who did receive Nitisinone up to 5 years although
these differences did not reach significance.

7.1.8 Hypertension

Following OLT, all four surviving patients (75 %)
who did not receive Nitisinone are currently on
antihypertensive medication with three patients
requiring two or more agents and the third patient
on a single agent. In the Nitisinone-treated group,
only one of the seven patients (14.3%) is cur-
rently requiring antihypertensive treatment with
a single agent.

7.1.9 Correction of the Metabolic
Defect

All were allowed an unrestricted diet following
transplantation. In the early era plasma amino
acids normalised within 48 h of transplantation
and remain normal during subsequent follow up.
In those treated with Nitisinone prior to trans-
plant, initial tyrosine levels were modestly ele-
vated for the first month, which we attributed to
the long half-life of Nitisinone. In all cases these
subsequently became persistently normal.

An opposite pattern was seen with urinary and
plasma SA. Those in the early era had high uri-
nary SA prior to transplant, which fell rapidly to
<5% of baseline, but still well above the normal
range. Plasma SA levels were only available from
>10 years post transplant and these were persis-
tently raised at levels <5 % of that expected in an
untreated patient with HT1 (Bartlett et al. 2013).

In those treated with Nitisinone prior to trans-
plant, urinary and plasma SA were undetectable
at the time of transplantation. Over the first
5 years following transplant plasma and urinary
SA recurred and gradually rose to the persistent
levels seen in the early cohort.

In both groups PBG synthase activity mir-
rored the plasma SA levels. PBG synthase levels

were normal at the time of transplant in those
treated with Nitisinone. In both groups PBG syn-
thase fell to the low normal range by 5 years post
transplantation.

The source of persistent SA is thought to be
the kidney where FAH is also active (Tuchman
et al. 1987) but the functional significance of this
is still not fully understood. We did not detect any
clinical consequence of these abnormalities and
in particular there were no features of porphyria.
There was no correlation between post transplant
SA levels and any index of renal function.

It is known that tubular function normalises
within 1 year in patients treated with Nitisinone
and subsequently remains normal for more than
10 years (Santra et al. 2008). Continued
Nitisinone treatment post-OLT has been sug-
gested as a means of controlling the renal SA
production and hence improving long term renal
function (Pierik et al. 2005). We have not taken
this approach for a number of reasons; there was
no correlation of renal dysfunction with the
extent of the SA production, renal dysfunction
does not appear to be progressive; options for
preventing and ameliorating immunosuppression
associated nephropathy have increased. An addi-
tional factor to consider is that even low dose
Nitisinone causes significantly raised tyrosine
levels (Introne et al. 2011), raising the issue of
whether reintroduction of dietary restriction
would be necessary. This would likely have a
significant negative impact on the quality of life
for these transplant recipients.
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Abstract

Hereditary tyrosinemia type 1 (HT1) is characterized by severe progres-
sive liver disease and renal tubular dysfunction. Kidney involvement is
characterized by hypophosphatemic rickets and Fanconi syndrome.
Different animal models were useful to investigate the pathophysiology of
the disease and the effects of NTBC therapy on liver and kidney function.
NTBC has revolutionized the prognosis of HT'1 and its acute and chronic
effects on renal tubular function have been proved, with normalization of
tubular function within a few weeks, particularly hypophosphatemia and
proteinuria. NTBC therapy is highly effective in improving renal function
both at short and long-term. However, its efficacy critically depends on the
age at start of treatment with normal outcome in patients diagnosed at
birth by newborn screening.
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8.1 Renal Disease in HT1

Hereditary tyrosinaemia type 1 (HT1) is caused
by deficient activity of fumarylacetoacetase
(Fah), the final enzyme of tyrosine degradation
pathway. As a result of the metabolic block, toxic
metabolites succinylacetone (SA), maleylaceto-
acetate (MAA) and fumarylacetoacetate (FAA)
are formed and these are responsible for severe
disruption of intracellular metabolism of the liver
and kidney. Patients may present in infancy,
childhood and as adults, and the age at onset
broadly correlates with disease severity
(Chakrapani et al. 2012). Liver disease is a major
cause of morbidity and mortality and includes
cirrhosis, liver failure and development of HCC
(Arnon et al. 2011). Renal disease may be the
predominant feature in patients with subacute
and chronic presentation, however there is always
some co-existing liver disease. The characteristic
renal disease is a Fanconi syndrome, with vari-
able severity of tubular dysfunction. Patients may
exhibit hypophosphataemic rickets, which can be
severe. In untreated patients renal signs may
progress during disease course with development
of nephrocalcinosis, glomerulosclerosis and
chronic renal failure (de Laet et al. 2013).

The typical features of Fanconi syndrome
include generalized aminoaciduria, glycosuria,
phosphaturia and renal tubular acidosis. However,
not all may be necessarily present. In a series of
45 patients, tubulopathy was observed at diagno-
sis in 80% of patients and rickets in 40%
(Masurel-Paulet et al. 2008), whereas other stud-
ies reported nephrocalcinosis in 16-33% of
patients (Paradis et al 1990, Forget et al. 1999,
Couce et al. 2011). Interestingly, patients homo-
zygous for the IVS6-1 (G>T) mutation had a
lower frequency of nephrocalcinosis in compari-
son with those harboring other mutations (Couce
et al. 2011). A recent multicenter study reported
renal dysfunction in about 50% of 114 patients
presenting at diagnosis with combined liver and
renal dysfunction signs (Mayorandan et al. 2014).
Renal manifestations in some cases may appear
very early, as seen in one patient diagnosed by
newborn screening who already suffered from
renal dysfunction with nephromegaly, renal tubu-

lopathy, and nephrocalcinosis at the age of 12
days (Mayorandan et al. 2014).

8.2  Pathophysiology and Renal
Damage in HT1: Cellular

and Animal Models

Lack of activity of Fah causes the accumulation
of MAA and FAA, and of their derivatives, SA
and succinyl acetoacetate (SAA), which have
important pathogenic effects. MAA, FAA and
SA disrupt sulthydryl metabolism by forming
glutathione adducts, thereby rendering cells sus-
ceptible to free radical damage (Jorquera and
Tanguay 1997). Moreover, FAA and MAA are
alkylating agents, capable of binding DNA, pro-
moting mutagenesis and apoptosis (Manabe et al.
1985). As a result of these multiple effects,
hepatic and renal cells exposed to high levels of
these compounds undergo either apoptotic cell
death or an adaptive alteration of gene expres-
sion, leading patients at risk of future liver malig-
nant transformation (Jorquera and Tanguay
2001).

Two strains of mutant mice carrying Fah defi-
ciency have been useful to study the pathophysi-
ology of HT1 and the effect of NTBC therapy.
The first mouse model is an albino lethal c14CoS
mouse, which is neonatally lethal (Gluecksohn-
Waelsch 1979). These mice have a large deletion
on chromosome 7, including the albino locus and
the Fah gene. The lethal phenotype has been
related to impaired liver expression of hepatocyte-
specific genes during the perinatal period
(Nakamura et al. 2007). The other Fah-deficient
mouse was generated by targeted disruption of
the Fah gene, which is mutated in the exon 5
(Fah?<°">), and also this knock-out mouse is neo-
natally lethal, likely because of hypoglycemia
(Grompe et al. 1993). No gross abnormalities in
the histology of the liver of both Fah-deficient
mice have been found, however ultrastructural
investigation revealed altered membranous com-
ponents. The kidneys of Fah?*"> mice appeared
enlarged and pale, histology showed cystic dila-
tation of the proximal tubules (Grompe et al.
1998), whereas dilatation and vesiculation of the
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rough endoplasmic reticulum and Golgi appara-
tus in the albino lethal c14CoS mice were evident
at electron microscopy (Trigg and Gluecksohn-
Waelsch 1973). Fah-deficient mice treated with
NTBC survived, however after several months
HCC developed. In the treated mice, kidneys
showed signs of tubular apoptosis and regenera-
tion (Grompe et al. 1995). Withdrawal of NTBC
therapy in the Fah-deficient mice caused marked
alterations of renal and liver architecture, with
tubular disarray and regeneration, focal vacuol-
ization, glomerular inflammatory cell infiltration,
nuclear size and chromatin variation, induction
of apoptosis, along with appearance of dysplastic
cells in the liver (Orejuela et al. 2008). Rescue of
Fah-deficient mice has been achieved by the
introduction of a mutant hydroxyphenylpyruvate
dioxygenase (Hpd) gene into the homozygous
cl4CoS mice: the double mutant mice
(Fah™-/Hpd~"") are viable, and their liver and
kidney histology is normal (Endo et al. 1997).
The recovery of Hpd gene, obtained by a recom-
binant adenovirus, caused early death for massive
hepatocyte apoptosis. Similarly, the injection of
homogentisic acid (HGA) in the double
mutant mice (Fah~~/Hdp~") caused death after a
few hours for a sudden rise of its oxidative prod-
ucts (Kubo et al. 1997). Remarkably, apoptosis
and severe cellular damage were seen in proxi-
mal renal tubular epithelial cells, with vast bleed-
ing areas, vacuolation, mitochondrial swelling,
lysosomal enlargement at brush borders, along
with compaction and degradation of chromatin
(Sun et al. 2000). Mechanism of cellular damage
has been linked to the accumulation of FAA (the
downstream product of HGA), a potent oxidizing
agent capable to bind DNA through electrophile
response elements and to induce phase II dioxine-
inducible genes, resulting in genomic instability
(Grompe 2001). Furthermore, induction of apop-
tosis, through activation of caspase 1 and 3, with
consequent release of cytochrome C oxidase and
decrease of reduced glutathione, was also attrib-
uted to the effect of FAA (Grompe 2001).
Remarkably, apoptotic death of renal tubular epi-
thelial cells was prevented when the caspase
inhibitor YVAD was given 2 h prior the adminis-
tration of HGA (Sun et al. 2000). The double

mutant mice (Fah™"/Hdp~~) was also used to
evaluate the renal tubular function. The urinary
glucose/creatinine ratio was markedly increased
after HGA administration, indicating its patho-
genic role on renal glucose reabsorption. The
caspase inhibitor YVAD, which effectively pre-
vented apoptosis of renal tubular epithelial cells,
did not change the urinary excretion of glucose
and phosphate, indicating that tubular dysfunc-
tion was not directly related to apoptosis.
Furthermore, levels of SA (the reduction product
of FAA) were markedly increased following the
injection of HGA. The authors of this study con-
cluded that the accumulation of FAA can induce
apoptosis and cellular death, whereas SA can act
more likely as a reversible inhibitor of cellular
metabolism, causing renal Fanconi syndrome
(Sun et al. 2000). Consistent with this hypothesis,
injection of SA to healthy adult rats produced uri-
nary abnormalities similar to those seen in human
renal Fanconi syndrome (Roth et al. 1985).
Further in vitro studies in isolated renal brush
border vesicles of tubule fragments obtained
from healthy adult rats demonstrated that SA
administration reduced sugar and amino acids
uptake (Spencer et al. 1988). Inhibition of Na-H
antiport and glycine-Na cotransport, rise of mem-
brane fluidity, and reduction of O, consumption
by tubular mitochondria were thought to be the
mechanisms causing disruption of glucose and
amino acids uptake (Roth et al. 1985, Spencer
and Roth 1987, Spencer et al. 1988). A disrupted
gene expression, induced by the accumulation of
toxic intermediates, could also contribute to cel-
lular damage. In the hepatocytes of albino lethal
mice and in HT1 patients, the expression of
several specific hepatocyte transcription factors
(i.e. G6bPase, HNF1, HNF4 and C/EBP) is
reduced, and similar changes were hypothesized
to occur also in the kidney (Haber et al. 1996).
Indeed, targeted disruption of HNFI in mice
results in renal Fanconi syndrome, suggesting
that the abnormal expression of transcription
factors in HT1 tubular cells of double mutant
mice (Fah™/Hdp~") could be involved in the
tubular dysfunction (Sun et al. 2000). There is
also evidence that changes in the expression of
AKT and Bad-BCl survival pathways may
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contribute to liver and kidney abnormalities
(Orejuela et al. 2008).

In summary, studies on animal models of HT1
show that SA mainly impairs tubular solute reab-
sorption, whereas the oxidizing action of FAA
causes tubular cells apoptosis. Furthermore, both
intermediates might induce tubular dysfunction
affecting gene expression in the kidney.

8.3  NTBC Effects on Renal
Dysfunction: Early Effect

of NTBC Therapy in HT1

In the original study reporting the efficacy of
NTBC in HTI, one patient with renal involve-
ment normalized phosphatemia, hyperaminoac-
iduria and al-microglobulin excretion within the
first month of treatment (Lindstedt et al. 1992).

Maiorana et al. (2014) investigated the early
effect of NTBC on renal tubular function in 5
patients, evaluated before and during the first 2
weeks of therapy with NTBC. At diagnosis, all
children manifested signs of renal dysfunction,
which included Fanconi syndrome, renal tubular
acidosis, and variable degree of proteinuria and
hypercalciuria, and most of them received phos-
phate and/or vitamin D and/or calcium supple-
mentation. Start of NTBC therapy resulted in the
normalization of plasma phosphate levels within
1-2 weeks. The tubular reabsorption of phos-
phate corrected for the glomerular filtration rate
(TmP/GFR) became near normal in the first 48 h,
while other markers of renal dysfunction showed
an improving trend over 2 weeks. At a longer
term follow-up, phosphate and vitamin D were
withdrawn in all patients.

In one patient, not receiving vitamin or min-
eral supplementations and closely monitored,
NTBC reduced the urinary SA of the 28% the
first day after its initiation, and most of abnormal
values of renal function normalized within the
first days. All biomarkers of renal tubular dys-
function normalized in the first 2 weeks of NTBC
therapy. Remarkably, improvement of tubular
dysfunction correlated with fall of urinary SA,
confirming the strong renal toxicity of SA and the
efficacy of NTBC in suppressing its generation

(Maiorana et al. 2014). A further patient, diag-
nosed with a chronic form of HTI1, presented
severe rickets with bone fractures, loss of walk-
ing, overt Fanconi syndrome and dyselectrolyte-
mia (Maiorana and Dionisi-Vici, personal
observation). Despite a very rapid disappearance
of urinary SA 24 hours after the start of NTBC
therapy, her clinical and biochemical response
was not as rapid as seen in the previous one
(Maiorana et al. 2014). She presented a longer
persistence of hypocalcemia, hypophosphatemia
and acidosis, which required calcium, phosphate,
vitamin D and alkali therapy and an increased
dose of NTBC, up to 1.5 mg/kg/day. After 1
month, she restarted walking, dyselectrolytemia
disappeared and TRP normalized, with no further
need of supplementations. The slow response to
NTBC therapy in this patient can be attributed to
the combination of at least two events. A severe
osteopenia — that determined the so called “hun-
gry bone syndrome”, with great and prolonged
demand of calcium and phosphate — and a renal
loss of NTBC, sustained by a major impairment
of tubular function, as shown by detectable
amounts of NTBC in the urine. Despite some
temporal differences in the response to therapy, 7
days after the start of NTBC both patients showed
a positive correlation between plasma NTBC
concentrations and TmP/GFR, and between
plasma phosphate levels and TmP/GFR (Fig. 8.1).
Furthermore, the levels of SA in plasma and in
urine were negatively correlated with plasma
NTBC concentration and with TmP/GFR.

In summary, all these findings showed that the
effect of NTBC therapy on renal tubular cells is
very rapid, allowing quick normalization of plasma
phosphate levels and TmP/GFR, the latter resulting
as the most reliable index of tubular function.

8.4 Long-Term Effect of NTBC

Therapy in HT1

In the pre-NTBC era, renal architecture and tubu-
lar function have been reported to be abnormal in
the majority of HT1 patients, with nephrocalci-
nosis in about one third (Paradis et al. 1990,
Forget et al. 1999). Following the advent of
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Fig.8.1 (a) Correlation between plasma NTBC concen-
trations (pmol/l) and TmP/GFR (mg/dl); (b) correlation
between plasma phosphate levels (mg/dl) and TmP/GFR

NTBC, the long-term outcome of renal function
in HT1 patients changed substantially, with per-
sistence of tubulopathy in some cases. Pronicka
et al. (1996) reported on two patients, with differ-
ent ages at diagnosis, presenting sub-acute/
chronic HT1 with rickets as dominant clinical
feature. Both had hypophosphatemia, hypocalce-
mia, high alkaline phosphatase levels, reduced
TRP, hyperaminoaciduria, high fractional urate
excretion, bicarbonate loss and elevated
al-microglobulin in urine. Initial treatment with
protein-restricted diet, supplemented with phos-
phate, vitamin D and alkali therapy, did not
improve tubular function. When NTBC therapy
became available, both patients showed normal-
ization of plasma alkaline phosphatase and frac-
tional urate excretion, and increase of
TRP. Aminoaciduria gradually improved, but
remained slightly elevated in one patient.
Similarly, urinary ol-microglobulin normalized
in 18 months in one patient but remained elevated
in the other, indicating that some signs of tubu-
lopathy may persist in patients receiving NTBC
therapy late in the disease course.

A more recent multicentre study analyzed a
series of 45 HT1 patients, all treated from diagno-
sis with NTBC (initial dose 0.5-2.5 mg/kg/day,
maintenance dose 0.5-1.7 mg/kg/day) combined
with tyrosine- and phenylalanine-restricted diet.
At diagnosis over 80% of total manifested tubu-

(mg/dl). Data are expressed as the mean in the two patients
at baseline and after 7 days of treatment with NTBC

lopathy and rickets was the initial symptom in
40% of patients. On NTBC therapy, one third of
patients had long-term persistence of biochemical
signs of tubulopathy, however without apparent
clinical consequences. No glomerular filtration
abnormality was observed in this series (Masurel-
Paulet et al. 2008). Another study described 21
HT1 children treated with NTBC for 10 years at a
dose ranging from 0.6 to 1 mg/kg/day. In this
cohort, proteinuria, plasma phosphate and TRP
normalized within the first year of NTBC treat-
ment and remained normal in the following 10
years. Some children required temporary phos-
phate supplementation and all patients remained
on vitamin D therapy for a median of 3 years. In
one patient, pre-existent nephrocalcinosis did not
reverse on NTBC therapy, despite normalization
of biochemical indices of tubular function (Santra
et al. 2008). In a large retrospective study from
Quebec, comparing three genetically homogenous
cohorts (those who never received NTBC, those
who were treated after 1 month of age and those
treated before 1 month), renal failure, hypophos-
phatemia, glycosuria and generalized aminoacid-
uria was never recorded at long-term follow-up in
patients receiving NTBC therapy. One patient with
hypophosphatemic rickets not identified by new-
born screening and starting NTBC at the age of 11
months, showed rapid improvement of renal tubu-
lar function with complete resolution at a long-
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term follow-up (Larochelle et al. 2012). Similar
findings were reported in a series of 12 children
treated from birth diagnosed by newborn screen-
ing or because of positive family history. At the
time of last follow—up, age 3-12,5 years, all
showed normal biochemical renal function tests
(McKiernan et al. 2015). In another study report-
ing a series of 13 HT1 patients requiring liver
transplantation (OLT), renal tubular and glomeru-
lar function data were normal prior OLT in the 7
patients who received NTBC therapy (median
duration 39 months, range 2-161 months). In
these patients, prior to OLT both urinary and
plasma SA became undetectable with NTBC treat-
ment (Bartlett et al. 2013). El-Karaksy et al.
reported on 3 patients with a subacute/chronic pre-
sentation with severe rickets who normalized renal
tubular function with low dose (0.55 mg/kg)
NTBC therapy (El-Karaksy et al. 2010). As clearly
shown by a large multicenter study, the rate of
clinical complications, including those related to
renal function, critically depends on the age at start
of NTBC treatment (Mayorandan et al. 2014). The
odds ratios for renal tubular dysfunction were 1.2
(95% CI 0.1-7.9) for treatment started at age 1-6
months, 1.9 (95% CI 0.2-14.9) for treatment
started at age 7-12 months, and 4.3 (95% CI 0.8—
21.6) for treatment started over 12 months, com-
pared to the start of treatment in the neonatal
period.

The Effect of Liver
Transplantation on Renal
Function.Is NTBC Still
Necessary?

8.5

The effect of OLT on renal function has been
evaluated in several studies. Before the advent of
NTBC therapy, resolution of renal dysfunction
was seen in nearly 25% of patients undergoing
OLT, and persistence of renal abnormalities after
OLT was attributed to a pre-existent irreversible
renal damage, to severe perioperative alteration
in renal perfusion, or to long-term toxicity of
immunosuppression (Shoemaker et al. 1992).
Residual urinary SA excretion after OLT has
been frequently reported, suggesting a potential

contribution to the progression of renal dysfunc-
tion (Tuchman et al. 1987, Kvittingen et al. 1986,
Mohan et al. 1999, Shoemaker et al. 1992, Pierik
et al. 2005, Herzog et al. 2006, Bartlett et al. 2013).
In a series of 101 liver transplanted children, of
which 27 with HT'1, GFR was significantly lower
in HT1 children both before and 5 years after the
graft, with a trending improvement of kidney
function in patients receiving NTBC therapy
prior OLT (Herzog et al. 2006). Another study
reported on long-term renal function in seven
patients treated with NTBC prior OLT. Following
transplantation, all showed normal tubular func-
tion but the GFR was reduced at a stage 2 chronic
kidney disease (cGFR 60-89 ml/min/1.73m?)
with urinary and plasma SA still detectable, how-
ever to a lesser extent (15-20x) than pre-NTBC
therapy (Bartlett et al. 2013). A more recent study
by the same group retrospectively analyzed kid-
ney function on 13 HT1 patients undergone OLT,
6 before and 7 after the advent of NTBC (Bartlett
et al. 2014). The prior use of NTBC therapy
resulted in a preservation of subsequent renal
function. Although before OLT the GFR was
similar in both groups, NTBC prevented its early
decline after OLT. Indeed, proteinuria normal-
ized in NTBC treated patients, and remained
elevated in the untreated ones. Similarly, hyper-
tension was more common and severe in those
not treated with NTBC, whereas TRP was nor-
mal or near normal in both groups pre-OLT and
post-OLT (Bartlett et al. 2014).

Although it is evident that NTBC therapy
prior to OLT has a long-term protective effect on
renal function, there are insufficient data to estab-
lish whether the persistence of detectable SA
after OLT may lead to a progressive renal dam-
age and if NTBC therapy after OLT should be
maintained.

8.6  Conclusions

NTBC therapy is highly effective in improving
renal function both at short and long-term.
However, its efficacy critically depends on the age
at start of treatment with normal outcome in
patients diagnosed at birth by newborn screening.
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Abstract

Hereditary Tyrosinemia type I (HT1) is clinically mainly characterised by
severe liver disease. Most patients present in their first months of life with
liver failure, but others can present later with issues of compensated cir-
rhosis, renal tubulopathy or acute intermittent porphyria. If patients sur-
vive the acute phase with liver failure or if they present later with
compensated cirrhosis, they often develop hepatocellular carcinoma early
but also later in life. The course of the disease changed after the introduc-
tion of 2-(2 nitro-4-3 trifluoro-methylbenzoyl)-1, 3-cyclohexanedione
(NTBC), which blocks the tyrosine degradation pathway at an earlier step.
Therefore, the toxic products did not accumulate anymore and all clinical
problems resolved. However, the risk (although clearly decreased) for
developing liver cancer remained, especially if NTBC treatment is initi-
ated late, a slow decrease of the tumor marker a-fetoprotein is seen or if
the a-fetoprotein concentrations remain just above the normal range. A
rise of a-fetoprotein in these HT1 patients is more or less pathognomonic
for liver cancer. Although hepatoblastoma development occurs in HT1
patients, most HT'1 patients develop hepatocellular carcinoma (HCC) or a
mixed type of carcinoma consisting of HCC and hepatoblastoma. Due to
the small risk of liver cancer development, screening for liver cancer
(especially HCC) is still recommended in HT1 patients using regular mea-
sures of a-fetoprotein and imaging. Ultrasound is mostly the modality of
choice for surveillance, because it is widely available, it does not use radi-
ation and is noninvasive. When a suspicious lesion is present, the higher
sensitivity of MRI could be used for characterization and staging of
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lesions. At this moment, no HCC development in pre-symptomatically
treated patients is reported. These different situations could possibly indi-
cate that NTBC can prevent the start of the development of HCC when
initiated early, but can’t stop the development of HCC if it is prescribed at
a later stage, stressing the importance of early diagnosis.

Keywords
Tyrosinemia ¢ Liver cancer ® Hepatocellular carcinoma ¢ HCC ¢ AFP e
Ultrasound « MRI

Abbreviations patients. Treatment with 2-(2 nitro-4-3 trifluoro-

methylbenzoyl)-1, 3-cyclohexanedione (NTBC)

AFP Alpha feto protein resolved most of the clinical problems by placing

CT Computed tomography a new metabolic block upstream of the primary

FAA Fumarylacetoacetate enzymatic defect. However, treatment with NTBC

FAH Fumarylacetoacetate hydrolase leads to increased blood tyrosine and phenylala-

HCC Hepatocellular carcinoma nine concentrations as these products are just

HTI1 Hereditary tyrosinemia type 1 above the new metabolic block, making dietary

MRI Magnetic resonance imaging restriction of both large neutral amino acids

NTBC  2-(2nitro-4-3 trifluoro-methylbenzoyl)-1, necessary.

3-cyclohexanedione
9.2 Epidemiology
of Hepatocellular Carcinoma
9.1 Introduction

Hereditary Tyrosinmia type 1 (HT1) is caused by
an enzymatic defect in the tyrosine degradation
pathway. Due to a genetic defect in the enzyme
fumarylacetoacetate hydrolase (FAH), its sub-
strate fumarylacetoacetate (FAA) could not be
metabolized into fumarate and acetoacetate. In this
way, FAA and associated metabolites such as its
precursor maleylacetoacetate and alternative deg-
radation products succinylacetoacetate and suc-
cinylacetone are accumulating. The accumulation
of these toxic products especially causes severe
liver dysfunction. This liver dysfuntion second-
arily causes a decrease in various enzyme systems
including 4-hydroxy phenylpyruvate dioxygenase,
phenylalanine hydroxylase and methionine adeno-
syltransferase leading to high blood concentra-
tions of phenylalanine, tyrosine and methionine
in clinically presenting and dietary treated HT1

In various countries, HT1 is diagnosed pre-
symptomatically with newborn screening by
using succinylacetone in blood spot. In countries
without a screening program or with a program
using tyrosine as the biomarker in newborn
screening, HT1 patients can present clinically
with heterogeneuous symptoms mainly affecting
the liver, kidney and peripheral nerves or other-
wise pre-symptomatically due to affected sib-
lings (Hadzic and Vara 2015; van Spronsen et al.
1994). Three different groups of HT'1 patients are
identified, based on the timing of diagnosis: very
early (onset of symptoms <2 months), early
(2-6 months) and late presenting form (>
6 months) (van Spronsen et al. 1994). The first
group that presents at the hospital within
2 months of life is mostly suffering from acute
liver failure. The prognosis of these patients is
rather poor, with a 2 year survival probability of



9 Liver Cancer in Tyrosinemia Type 1

103

29%. In the patients presenting between 2 and
6 months and after 6 months of life, renal tubu-
lopathy and porphyria like syndrome are also
seen next to the liver problems. The later the
patients present, the better their survival proba-
bility is as they mostly survive the acute initial
phase. However, the liver in all these surviving
patients may show cirrhosis already or proceed
towards cirrhosis and therefore these patients
have a high risk for developing hepatocellular
carcinoma (HCC) later on (Russo et al. 2001; van
Spronsen et al. 1989, 1994, 2005).

Worldwide, HCC is the most common pri-
mary hepatic malignancy, mostly occurring after
the onset chronic liver disease. The world leading
causes of HCC in adults are chronic Hepatitis B
and C infection and alcohol abuses. These risk
factors lead to the formation and progression of
cirrhosis, which is present in 80—-90% of patients
with HCC (El-Serag 2011; Forner et al. 2012).
Overall, the 5 year cumulative risk for the devel-
opment of HCC in patients with cirrhosis ranges
between 5% and 30% depending on the cause,
region or ethnic group and stage of cirrhosis
(El-Serag 2012).

When only treated with a tyrosine and phenyl-
alanine restricted diet (before introduction of
NTBC) (almost) all HT1 patients who survived
the first critical period of life developed cirrhosis
and in this group of patients, the incidence of
HCC was really high, probably up to 37% (van
Spronsen et al. 1994; Weinberg et al. 1976). This
incidence of HCC in HT1 patients is higher than
in other cirrhotic liver diseases and considerably
above the incidence of HCC in cirrhotic liver of
adults (El-Serag 2012; Weinberg et al. 1976). Due
to the high incidence of HCC and its severity,
HCC development is the main cause of death of
HT1 patients who survived the critical first period
(Weinberg et al. 1976). The peak incidence for
tumor development in HT1 patients is between 4
and 5 years old, however, the variation is large
with malignant transformation after long periods
of time (Weinberg et al. 1976).

Most of the malignancies in HT1 patiénts are
HCC, however, development of hepatoblastoma
is reported at least once in a HT'1 patient (Nobili
et al. 2010), and next to this one of our patients
had a mixed type of HCC and hepatoblastoma.

Hepatoblastoma is common among young chil-
dren and has a favourable outcome compared to
HCC. Therefore, a neoplastic mass in HTI1
patients is likely, but not definitely HCC. It is
important to distinguish between both, because
of the difference in treatment and outcome.

The drug or NTBC was released in 1992
(Lindstedt et al. 1992). By placing a metabolic
block upstream from the primary enzymatic
defect, accumulation of the toxic metabolites was
prevented and clinical symptoms, such as liver
failure and renal involvement, resolved. Next to
this, the incidence of HCC decreased tremen-
dously (Holme and Lindstedt 1998; Larochelle
et al. 2012). However, patients receiving NTBC
are still at risk for developing HCC, especially
when initiation of treatment with NTBC was late
due to delayed diagnosis or unavailability of
NTBC, a slow decrease of the tumor marker
a-fetoprotein (AFP) or an AFP level that remains
just above the normal range (<10 ug/L) (Koelink
et al. 2006; van Ginkel et al. 2015; van Spronsen
et al. 2005). So far, no HCC development in pres-
ymptomatically treated patients is reported. These
different situations could possibly indicate that
NTBC can prevent the start of the development of
HCC if initiated early, but can’t stop the develop-
ment of HCC when it is prescribed at later stage,
stressing the importance of early diagnosis.

9.3  Etiology of Hepatocellular

Carcinoma

Due to the enzyme deficiency in HT1 (FAH defi-
ciency), the substrate for FAA, accumulates. This
FAA is partly converted into succinylacetoacetate
and afterwards in succinylacetone. The accumu-
lating FAA in the cells where it is generated
(hepatocytes and cells in the proximal tubule of
the kidneys) causes oxidative stress by reacting
with glutathione and sulfhydryl groups of pro-
teins. Especially this FAA, but maybe also its
precursor, maleylacetoacetate, has shown to be
mutagenic and to cause chromosomal instability
as well as lead to cell cycle arrest and apoptosis,
leading first to cirrhosis in the liver and to HCC
formation later on (Bergeron et al. 2006; Jorquera
and Tanguay 2001).
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Microscopic features in the liver of HTI
patients will reveal micronodulair cirrhosis that
will develop to macronodulair cirrhosis (Dehner
et al. 1989). Therefore, 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
histological feature is again the foci of dysplasia
(large and small cell types) and/or HCC (Schady
et al. 2015; Weinberg et al. 1976).

9.4 Diagnosis of Hepatocellular
Carcinoma
9.4.1 Clinical Presentation

In theory, HCC can give complaints ranging from
fatigue due to anemia to abdominal distress due
to the increasing mass or a bleeding in the liver
due to tumour rupture. However, in general,
patients are detected before clinical symptoms
arise due to several screening mechanisms such
as laboratory investigation and imaging, which
are described below.

9.4.2 Laboratory Parameters

The main laboratory parameter suggestive of
HCC development is AFP. AFP is a glycoprotein
that typically is very high just after birth.
However, AFP concentrations in HT1 patients
are at birth already much higher than the AFP
concentrations of healthy infants (Hostetter et al.
1983). These AFP concentrations stay higher
than normal during infancy in untreated HT1
patients due to the liver regeneration that already
starts during fetal life (Hostetter et al. 1983). So
far, high AFP levels at diagnosis have not been
related to any prognostic value for initial recov-
ery of acute physical complaints or development
of HCC later on.

After initiation of adequate treatment, consist-
ing of NTBC and tyrosine and restricted diet,

hepatotoxic metabolites should not accumulate
anymore and AFP levels should decrease more or
less exponentially to normal levels (<10 pg/L)
within 1 year like it is shown in the figure pub-
lished by Koelink et al. in 1996 (de Laet et al.
2013; Koelink et al. 2006) (Fig. 9.1).

The tumormarker AFP has been used as a
marker for HCC for many years. AFP concentra-
tions could rise in various circumstances, for exam-
ple in chronic hepatitis with reactivation, but
without HCC. On the other hand it could be normal
when there is only a small HCC (Paul et al. 2007).
Furthermoref, in other diseases with a high risk of
developing HCC (e.g., hepatitis B and C), up to
44% of patients diagnosed with HCC show no
clear increase in AFP levels (Beale et al. 2008;
Giannelli et al. 2007). Due to this, the reported sen-
sitivity of AFP is variable across different studies.

However, in HT1 patients, AFP was consid-
ered to be a reliable marker for liver cancer devel-
opment. Until recently, all reported HT1 patients
with proven HCC and hepatoblastoma had exhib-
ited a well-defined rise in AFP levels and a clear
lesion at imaging (de Laet et al. 2013; Koelink
et al. 2006; Nobili et al. 2010). But recently, a
case study showed that HCC in HT1 patients is
not always accomplished with the rise in AFP,
like it is shown in Fig. 9.2 published by van
Ginkel et al. in 2015 (van Ginkel et al. 2015)
(Fig. 9.2). Therefore the search for other reliable
markers is necessary. At this moment, no other
markers have been investigated extensively,
although promising results were seen with
Lectin-reactive alfa-fetoprotein (Baumann et al.
2006). Unfortunately, this did not get follow-up
so far.

9.4.3 Imaging Modalities

Many patients with tyrosinaemia show signs of
cirrhosis on imaging. In severe cirrhosis the size
of the liver can change with (1) hypertrophy of
the caudate lobe and lateral segments of the left
lobe (segment 2 and 3) and (2) atrophy of the
posterior segments of the right lobe (segment 6
and 7). Other findings are nodularity of the sur-
face and heterogeneity or nodular aspect of the
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Fig. 9.1 Tyrosinemia type 1 patients with proven liver
cancer, all showing a clear increase in AFP concentra-
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Fig.9.2 Course of AFP from diagnosis until 1 year after
liver transplantation (histologically proven HCC). After
an initial decline in AFP, AFP levels stabilised around
25 pg/L. After liver transplantation AFP further decreased

parenchyma. Signs of portal hypertension like
splenomegaly, portosystemic collaterals and
ascites can be present (Dubois et al. 1996).

The three major goals of imaging in patients
with Tyrosinaemia is the screening for lesions;
the characterization of the lesion, and a change in
the characterization or the volume. Ultrasound is
mostly the modality of choice for surveillance,
because it is widely available, it does not use
radiation and is noninvasive. Ultrasound has a
good sensitivity and specificity for the detection
of HCC in cirrhotic patients with a sensitivity of
60-80% and a specificity of 45-94 % particularly
depending on the experience of the performer.

to normal values. This is in contrast with the reference
patients who almost immediately reached normal values
(0-10 pg/L)

For the purpose of surveillance, Computed
Tomography (CT) is less useful due to the radia-
tion exposure. Magnetic Resonance Imaging
(MRI) has a high sensitivity in the detection of
HCC (89-100%), especially for smaller lesions
between 1 and 2 cm. However, the higher sensi-
tivity of MRI is mainly used for characterization
and staging of lesions that are suspicious for
HCC, caused by the higher costs and lower avail-
ability of MRI (Ayuso et al. 2012; Bolondi 2003;
Burrel et al. 2003).

The sonographic appearance of HCC is non-
specific. Small lesions are often hypoechoic to
the liver parenchyma, but isoechoic or hyper-
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echoic lesions can occur. The lesions that are
larger are often heterogeneous with hypoechoic
and hyperechoic areas. The hyperechoic areas
can represent fat or more acute hemorrhage,
whereas the anechoic areas can be seen repre-
senting necrosis or hemorrhage of older date. The
lesions can have a thin hypoechoic halo corre-
sponding with a capsule. Doppler examination
can show high-velocity arterial flow. In practice,
in can be difficult to distinguish small tumors
from the nodular pattern of the parenchyma of
the cirrhotic liver. Benign lesions like regenera-
tive and dysplastic nodules are frequently present
in cirrhotic livers and can be indistinguishable
from small HCC (Ayuso et al. 2012; Chung et al.
2011; Helmberger et al. 1999).

On MRI the typical appearance of HCC is a
mass with slightly hyperintense signal on the
T2-weighted images. On the T1-weighted images
the signal intensity is more variable.
Heterogeneous signal intensity is often seen in
larger lesions due to fat, hemorrhage, necrosis or
calcifications. After intravenous gadolinium con-
trast admission HCC typically shows arterial
enhancement with wash-out in the portal venous
phase. Capsules show enhancement in the
delayed phase. The diffusion weighted images
often demonstrate a high signal intensity at the
higher B-value and a hypointens appearance on
the apparent diffusion coefficient corresponding
to diffusion restriction. Regenerative nodules are
isointense or slightly hyperintense on the T1
weighted images and isointense or hypointense
on the T2 weighted images. A distinction between
HCC and regenerative nodules can be made, as
regenerative nodules do not show arterial
enhancement and portal venous wash-out.
Because dysplastic nodules can be low or high
grade they a show a variable appearance. The low
grade resembles regenerative nodules while the
high grade resembles HCC (Chung et al. 2011;
Helmberger et al. 1999; Saar and Kellner-Weldon
2008).

If using CT, on unenhanced CT HCC is a
hypoattenuating mass, which can show areas
with different attenuation as a result of fat, hem-
orrhage, necrosis and calcification. After contrast
administration HCC typically shows the same

enhancing characteristics on CT as on MRI with
arterial enhancement and wash-out in the portal
venous phase. If present, the capsule shows
enhancement in the delayed phase (Chung et al.
2011; Helmberger et al. 1999; Saar and Kellner-
Weldon 2008).

To conclude, current recommendations for the
screening for HCC in HT1 therefore consist of
regular AFP and ultrasound examinations. A rise
in AFP is suggestive of HCC development.
Howeyver, a new nodule on ultrasound with stable
AFP should also be considered to be suggestive
of HCC (van Ginkel et al. 2015). If nodules are
present in the liver, further imaging preferably
with MRI should be done. An example of this
surveillance and staging protocol with the radio-
logical appearance of HCC on ultrasound and
MRI is shown in Fig. 9.3.

9.5 Treatment
Before introduction of NTBC, the incidence of
HCC in HT1 patients was really high. Therefore,
in that time, the important question was not
whether, but when should liver transplantation be
performed. During that time, liver transplantation
was the only possible option for metabolic cor-
rection and long-term survival (Salt et al. 1992;
van Spronsen et al. 1989, 1995; Weinberg et al.
1976). This changed after the introduction of
NTBC. Due to NTBC, the incidence of HCC
diminished and, therefore, the need for transplan-
tation in HT1 patients decreased as well. Due to
the required major abdominal surgery, post-
operative complications and life long immuno-
suppression with risks for secondary malignant
diseases, liver transplantation is currently in most
centers only an option in patients not responding
on NTBC or who develop HCC despite treatment
with NTBC. However, as NTBC is costly, some
countries seem to prefer liver transplantation that
in the long run may be less expensive (personal
communication). Therefore, studies that compare
the outcome of patients treated with NTBC ver-
sus liver transplantation are needed.

Pediatric liver transplantation is done under
various circumstances, with biliary atresia still
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Fig.9.3 Imaging features from a case presenting with HCC,
images provided by courtesy of dr. S. McGuirk from the
Birmingham Children’s Hospital, UK. (a) US demonstrates
a hypoechoic lesion in the right liver lobe (histologically

being the main indication for liver transplantation
in children. Since the first liver transplantation in
1953 this treatment option has changed to one
with an excellent long term outcome, having high
short and long term survival rates (Hackl et al.
2015). Liver graft survival has improved as well
to 80% at S years and an estimated half-life of
13 years (Yazigi 2013).

In HT1 patients, recent articles about the out-
come after liver transplantation are limited, as
most of the manuscripts are published before
2000, mostly describing patients before introduc-
tion of NTBC. At that time, the survival after

proven HCC). (b) On the coronal T2 weighted the lesions
demonstrates a hyperintens signal. On the Tlweighted
images the lesion shows arterial enhancement (¢) with
wash-out in the portal venous phase (d)

transplantation was relatively good with survival
rates around 90% (Paradis 1996; Weinberg et al.
1976), although post-operative complications
such as non-functioning of the graft due to artery
thrombosis and graft rejection were
(Weinberg et al. 1976). More recently, Arnon et al.
showed in a large cohort of patients that HT1
patients have an excellent outcome after trans-
plantation with a 5 year survival rate over 90%
(Arnon et al. 2011). However, a clear and con-
tinuous decrease in the need for liver transplanta-
tion has been seen after introduction of NTBC
(Arnon et al. 2011).

seen
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Neuropsychological Problems in
Tyrosinemia Type | Patients
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Francjan J.van Spronsen

Abstract

Clinically, Hereditary Tyrosinemia type I (HTI) is especially characterized
by severe liver dysfunction in early life. However, recurrent neurological
crises are another main finding in these patients when they are treated with
a tyrosine and phenylalanine restricted diet only. This is caused by the
accumulation of §-aminolevulinic acid due to the inhibitory effect of suc-
cinylacetone on the enzyme that metabolizes 8-aminolevulinic acid. Due
to the biochemical and clinical resemblance of these neurological crises
and acute intermittent porphyria, this group of symptoms in HTT patients
is mostly called porphyria-like-syndrome. The neurological crises in HTI
patients disappeared after the introduction of treatment with 2-(2 nitro-4-3
trifluoro-methylbenzoyl)-1, 3-cyclohexanedione (NTBC). However, if
NTBC treatment is stopped for a while, severe neurological dysfunction
will reappear.

If NTBC treatment is started early and given continuously, all clinical
problems seem to be solved. However, recent research findings indicate
that HTI patients have a non-optimal neurocognitive outcome, showing
(among others) a lower IQ and impaired executive functioning and social
cognition. Unfortunately the exact neuropsychological profile of these
HTT patients is not known yet, neither are the exact pathophysiological
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mechanisms underlying these impairments. It may be hypothesized that
the biochemical changes such as high blood tyrosine or low blood phenyl-
alanine concentrations are important in this respect, but an direct toxic
effect of NTBC or production of toxic metabolites (that previously charac-
terized the disease before introduction of NTBC) cannot be excluded
either. This chapter discusses the neurological and neuropsychological
symptoms associated with HTT in detail. An extended section on possible
underlying pathophysiological mechanisms of such symptoms is also

included.
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Abbreviations

5-ALA  &-aminolevulinic acid

CSU Cerebral spinal fluid

HTI Hereditary tyrosinemia type I

HTI Hereditary tyrosinemia type II

HTII Hereditary tyrosinemia type I1I

LAT-1  Late neutral aminoacid-1 transporter

LNAA  Large neutral amino acid

NTBC  2-(2 nitro-4-3 trifluoro-
methylbenzoyl)-1,
3-cyclohexanedione

PKU Phenylketonuria

10.1 Introduction

Hereditary Tyrosinemia type 1 (HTI) is caused
by a defect of the enzyme fumarylacetoacetate
hydrolase in the tyrosine degradation pathway.
Due to this defect toxic products such as maleyl-
acetoacetate, fumarylacetoacetate, succinylace-
toacetate and succinylacetone accumulate that
especially affect the liver. Therefore, before the
introduction of neonatal screening, most HTI
patients presented with symptoms of acute liver
failure during the first 6 months of life, while a
minority of the patients presented after 6 months

of age, mainly with symptoms of chronic liver
disease and/or renal tubulopathy (van Spronsen
et al. 1994). Although less frequent than liver and
renal problems, neurological symptoms (specifi-
cally: paralysis) were also observed (van
Spronsen et al. 1994).

These clinical problems mainly occurred
before the introduction of 2-(2 nitro-4-3 trifluoro-
methylbenzoyl)-1, 3-cyclohexanedione (NTBC).
At that time, the survival probability of the HTI
patients was rather low, with only about 30% of
the very early presenting patients (i.e. <2 months
of age) still alive 2 years after diagnosis (van
Spronsen et al. 1994). In the patients presenting
early (2-6 months of age) or very early
(<2 months of age), acute liver failure with bleed-
ing and ascites were the main causes of death
(van Spronsen et al. 1994), if not transplanted in
time (van Spronsen et al. 1995). If these (very)
early presenting patients survived this initial
period, they sometimes died later on due to the
development of liver cancer, or respiratory fail-
ure. This respiratory failure was due to the neuro-
logical crises that could not be prevented in these
dietary treated HTI patients, accounting for
approximately 10% of deaths (van Spronsen
et al. 1994). Recurrent neurological crises were
observed in almost half of the HTT patients dur-
ing multiple episodes when they were treated
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with a tyrosine and phenylalanine restricted diet
alone (Mitchell et al. 1990), showing that the
dietary treatment did not clearly positively influ-
ence the frequency or severity of the bouts of
neurological crises.

10.1.1 Porphyria Like Syndrome:
Giving Rise to Neurological
Problems

Neurological crises usually arose after a minor
infection and were characterized by severely
painful parenthesis, hypertonia and weakness,
mainly occurring in the legs or in the abdomen
(Mitchell et al. 1990), resembling an acute
abdominal syndrome for which sometimes —
unnecessarily- surgical intervention took place.
However, the symptoms could progress to paral-
ysis and even respiratory failure and death. Less
frequently occurring, but also present, were
symptoms such as arterial hypertension, seizures
and even auto-mutilation (Mitchell et al. 1990).
The peripheral nerves were mainly affected in
these neurological crises. After some days axonal
degeneration, with undetectable or low-amplitude
potentials, could be found and secondary demy-
elination took place (Mitchell et al. 1990). No
epileptic activity was found in the brain of HTI
patients facing a neurological crisis, but hyperre-
flexia in the lower extremities has been described
during a neurological crisis at least once (Rank
et al. 1991). Therefore, it was hypothesized that
the brain or more specifically the upper motor
neurons could be affected to some extent as well.
The spectrum of neurological problems in dietary
treated HTT patients ranged from normal function
to the occurrence neurological crises with com-
plete extinction of peripheral nerve-function
(Mitchell et al. 1990).

In 1969 the first article that reported about
increased d&-aminolevulinic acid (5-ALA) con-
centrations in HTI patients was published (Gentz
et al. 1969). The 5-ALA is the first compound in
the heme biosynthesis pathway and is formed out

of succinyl-CoA and Glycine by ALA synthase.
Normally, 5-ALA would be metabolized into
porphobilinogen by 5-ALA dehydratase (also
called porphobilinogen synthase). However,
some compounds such as lead and succinylace-
tone are found to largely inhibit this 5-ALA
dehydratase (Ebert et al. 1979; Warren et al.
1998). When HTI patients are treated with a diet
only, succinylacetone concentrations are clearly
elevated, leading to an inhibition of the 5-ALA
dehydratase and, consequently, to increased con-
centrations of its substrate 5-ALA (Sassa and
Kappas 1983). Although no clear correlation in
individual patients between excretion of 5-ALA
and the occurrence of neurological crises was
established, HTT patients with these crises have,
in general, higher levels of 5-ALA than patients
without neurological crises (Mitchell et al. 1990).
Disorders in this heme synthesis pathway are so-
called porphyria’s and thus the neurological cri-
ses in HTI may have a pathophysiological basis
essentially identical to acute intermittent por-
phyria, and lead toxicity: therefore, the neuro-
logical crises in HTI have also been called
porphyria-like-syndrome (Mitchell et al. 1990;
Russo et al. 2001).

The clinical picture of these neurological cri-
ses also resembles Guillain-Barré syndrome.
Guillain-Barré syndrome is an acute peripheral
neuropathy that progresses over time. The pro-
gressive weakness in Guillain-Barré is due to
demyelination and usually occurs after a minor
infection (Kuwabara 2004). Despite the similari-
ties, the pathophysiological mechanisms of both
neurological diseases strongly differ, and there-
fore, treatment differs as well. Whereas Guillain-
Barré is considered to be an auto-immune disease,
the neurological crises in HTI patients are caused
by the increased concentrations of 5-ALA. The
clinical resemblance indicates that in patients
presenting with symptoms associated with
Guillain-Barré syndrome, acute intermittent por-
phyria due to HTI or lead toxicity have to be
considered.
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10.1.2 Porphyria Like Syndrome:
Treatment by Liver
Transplantation

Treatment of these crises of acute intermittent
porphyria is mainly based on maintaining ade-
quate calorie intake, respiratory support when
needed and control of pain. Hematin and heme
arginate inhibit the enzyme ALA-synthase and
therefore the synthesis of 5-ALA. This can some-
times decrease the symptoms if given early
enough during a crisis (Rank et al. 1991),
although a side effect of hematin administration
may be an exacerbating coagulopathy, especially
when liver dysfunction is already present in these
patients (Pierach 1982). Before the introduction
of NTBC, the only definitive treatment of HTI,
not only to prevent the neurological crises, but
also to prevent of other consequences of the dis-
ease, including liver cancer, was performing a
liver transplantation. After liver transplantation
almost all the neurological problems resolved
(van Spronsen et al. 1989; Mitchell et al. 1990;
Rank et al. 1991). Therefore, before the introduc-
tion of NTBC the question was when, rather than
whether, to perform liver transplantation in HTI
patients (van Spronsen et al. 1994). The timing of
the transplantation was based on the risk profile
of the patient, which, in turn, largely depended on
the patient’s age at presentation (van Spronsen
et al. 1994, 1995).

10.1.3 Porphyria Like Syndrome:
Treatment by NTBC

In 1992, the course of the disease completely
changed with the introduction of a new treatment
option called NTBC. NTBC is a herbicide that
blocks the tyrosine degradation pathway at an
earlier step (i.e. before the enzyme fumarylaceto-
acetate hydrolase comes into play). Therefore,
when given at adequate doses, the toxic metabo-
lites such as succinylacetone are not formed any-
more and correction of the almost complete
inhibition of 5-ALA dehydratase in erythrocytes
can be observed. 5-ALA formation and accumu-

lation is in this way prevented and therefore
NTBC protects against porphyric crises in HTI
patients (Lindstedt et al. 1992). Due to NTBC,
the neurological crises disappeared (Holme and
Lindstedt 1998; Larochelle et al. 2012).
However, when NTBC treatment is inter-
rupted, severe neurological crises may reappear
(Schlump et al. 2008; Ucar et al. 2016). Until
now, two case reports about severe neurological
crises after discontinuation of NTBC are known.
In both reports treatment with NTBC was inter-
rupted and after a few weeks patients were
complaining of a fever, vomiting, and diarrhea
followed by a progressive ascending polyneurop-
athy, diaphragmatic paralysis and arterial hyper-
tension, quite similar to the most severe
neurological crises before introduction of NTBC
(Schlump et al. 2008; Ucar et al. 2016).

10.2 Neuropsychological
Problems in Tyrosinemia
Type 1 Patients: A New Issue?

Before introduction of NTBC no neurocognitive
or behavioural problems had been reported at all
in HTL. In contrast, IQ was considered to be nor-
mal in all HTT patients including the patients fac-
ing neurological problems (Mitchell et al. 1990).
However, it should be taken into account that
treatment at that time was especially focusing on
how to keep the patients alive, preventing death
from liver failure, renal tubulopathy, liver cancer
and neurological crises. The introduction of treat-
ment with NTBC resolved most of the clinical
problems (including liver, renal, and neurological
problems) in HTI patients, especially when initi-
ated early (Holme and Lindstedt 1998; Larochelle
etal. 2012). Treatment with NTBC and a tyrosine
and phenylalanine restricted diet greatly
increased the life expectancy of HTI patients.
However, some years ago, the first reports arose
indicating non-optimal neurocognitive outcome
in HTI patients. A remarkably high frequency of
school problems and cognitive disturbances (8
out of 23) were found in French HTI patients
(Masurel-Paulet et al. 2008). Some years later,
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the first reports on lower 1Q-scores in HTI
patients appeared. In a Belgian HTI patient
group, nine out of ten patients scored below 100
and three patients even had an IQ below 85 (De
Laet et al. 2011). With respect to the IQ scores,
verbal 1Q seems to be affected to a larger extent
than performal IQ and these sub-optimal 1Q
scores may present together with attentional
problems (Pohorecka et al. 2012). Recently, a
study even suggested a regression of IQ in a small
number of patients (Bendadi et al. 2014).
However, IQ is not the only construct that seems
to be affected in these HTI patients. Suboptimal
motor abilities are found and higher-order brain
functions such as executive functions and social
cognition seem to be affected as well (Thimm
et al. 2012; van Ginkel et al. 2016).

Executive functions are a set of inter-related
high level skills across several cognitive domains,
which develop during childhood and adolescence
and include at least the following core abilities:
inhibition, working memory and cognitive flexi-
bility. In HTI patients, especially the working
memory component seems to be affected (van
Ginkel et al. 2016). Social cognitive abilities can
be described as the mental operations underlying
social interactions such as the perception, inter-
pretation and generation of responses to the
intentions, dispositions, and behaviors of others.
In one specific article, HTI patients for example
show problems in the ability to recognize emo-
tions based on facial expressions (van Ginkel
et al. 2016).

Thus, some recent articles are pointing
towards neurocognitive problems in HTT patients
that were not recognized before the introduction
of NTBC, although the existence of such prob-
lems may have been masked by the low life
expectancy of the HTT patients at that time. It is
possible that this non-optimal neurocognitive
outcome underlies problems that have been
observed in daily life of HTI patients, such as the
behavioural problems and school problems.

This more or less resembles the story of
another metabolic disorder in the tyrosine meta-
bolic pathway, namely Phenylketonuria (PKU).
PKU is characterized by a genetic defect in the
enzyme phenylalanine hydroxylase, leading to an

opposite biochemical profile compared to HTI
patients with high phenylalanine concentrations
and somewhat low tyrosine concentrations (Blau
et al. 2010). Untreated, both diseases do not
appear similar. Whereas untreated HTI patients
especially show liver and renal related problems
in early life, untreated PKU is characterized by
severe mental retardation, seizures and behav-
ioural difficulties. However, if both diseases are
treated adequately, both diseases do show some
similarities regarding neurocognitive functioning
and its sequelae. When PKU patients started with
their phenylalanine-restricted diet (early 1970s),
which is still the main treatment option in PKU,
cognitive development seemed to be normal at
first sight. However, subsequent studies showed
that PKU patients still have somewhat lower 1Q,
impaired motor control and sub optimal execu-
tive functions and social cognition (Huijbregts
et al. 2002a, b; Moyle et al. 2007; Albrecht et al.
2009; Jahja et al. 2016). This, in a way, resembles
the present history on neurocognition in HTT as
both groups of patients are showing deficiencies
in 1Q, executive functions and social cognition.
So clearly, both diseases are associated with a
quite similar sub-optimal neurocognitive out-
come when they are treated. However, compari-
son of results of studies performed in our group
showed that on many executive functions, HTI
patients perform less optimal than PKU patients
who already show some deficits if compared to
healthy age and gender matched individuals (van
Ginkel, in preparation).

10.2.1 Hypotheses
for Neuropsychological
Dysfunction

Several hypotheses have been proposed in order
to explain the neuropsychological deficits
observed in HTI, however, until now the mecha-
nism has remained unknown. In the next few
paragraphs, we will review some possible
hypotheses and will explain them further using
two schematic figures of the metabolites in the
blood and the relation to the blood brain barrier
(Figs. 10.1 and 10.2).
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Effect on neurocognitive outcome?
Influx through BBB Formed in brain
Toxic metabolites?
Brain
Blood

Fig.10.1 Before the introduction of NTBC, tyrosine and
methionine were slightly increased (for more details see
Table 10.1), but several toxic metabolites were especially
accumulating in the blood but possibly in the brain as well

Toxic Products and Liver
Disease Before Introduction

of NTBC

First of all, developing severe liver disease of any
cause, especially in infancy, is associated with
both a low life expectancy and a risk of long term
developmental sequelae and behavioural conse-
quences (Alonso 2008). In the past, almost all
HTI patients were diagnosed after a period of
severe liver dysfunction. However, their low life
expectancy, especially before initiation of treat-
ment with NTBC, may have masked any impaired
neurocognitive outcome associated with liver
dysfunction in HTI. But not only liver failure in
general could have had an effect on the neurocog-
nitive outcome. When patients were treated with
a diet only, tyrosine and methionine concentra-
tions were increased (Table 10.1), but many toxic
substances were accumulating, such as maleyl-

10.2.1.1

Tyr = tyrosine

Met = methionine

MAA = maleyacetoacetate

FAA = fumarylacetoacetate
SAA = succinylacetoacetate
SA = succinylacetone

after transport across the blood brain barrier or after for-
mation in the brain itself due to tyrosine degradation.
However, at this time no neurocognitive deficiencies were
seen

acetoacetate, fumarylacetoacetate, succinylace-
toacetate, succinylacetone and 5-ALA. It could
be hypothesized that all these individual metabo-
lites — or a combination of them- could be toxic
for the brain, possibly depending on how easily
they are transported across the blood brain barrier
or in which concentrations it is formed in the
brain itself (Fig. 10.1).

The deficient enzyme in HTI patients, fumary-
lacetoacetate hydrolase, is highly expressed in
oligodendrocytes in the brain of rats (Labelle
et al. 1993). If the toxic products accumulate in
these oligodendrocytes, myelin formation and
axonal integrity could be impaired (Nave 2010).
However, as noted before, it should be taken into
account that no reports of cognitive problems had
appeared before the introduction of NTBC
(Mitchell et al. 1990). Moreover, current cogni-
tive deficiencies have not only been found in
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Fig.10.2 Several mechanisms could underlie neurocogni-
tive deficiencies when patients are treated with NTBC and
diet. All amino acids are transported in a competitive way by
the same transporter (LAT-1) transporter. Treatment with
NTBC results in high blood tyrosine concentrations and
therefore possibly also high brain tyrosine concentrations.

Table 10.1 Estimated blood amino acid concentrations
(pmol/l) in HTI patients treated with dietary treatment
only compared to the situation that they used NTBC and

LAT1 transporter

Phe = phenylalanine
Tyr = tyrosine

Trp = tryptophan
Val = valine

Leu = leucine

lle = isoleucine

Met = methionine
His = histidine

Thr =threonine

Next to this the brain influx of other amino acids (especially
phenylalanine as concentrations in blood are decreased, see
Table 10.1) could be impaired because they are outcompeted
by tyrosine. On the other hand NTBC could be toxic for the
brain as it was known as herbicide before it was introduced
as treatment option for HTI patients

dietary treatment (also compared to normal concentra-
tions), based on two children treated in the University
Medical Center Groningen, the Netherlands

Normal values
Mean concentrations on diet | Mean concentrations on children 10-18 years

Amino acids only (n=2) NTBC and diet (n = 2) (Blau et al. 1996)
Phenylalanine 33 16 38-78

Tyrosine 135 318 40-92
Tryptophan 93 67 27-75

Valine 250 252 142-278
Leucine 116 133 76-168
Isoleucine 67 72 38-94
Methionine 45 23 16-36

Histidine 78 75 58-106
Threonine 169 152 72-192
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symptomatically diagnosed (NTBC-treated)
patients, but also in pre-symptomatically treated
patients (van Ginkel et al. 2016). This feeds the
hypothesis that it is less likely that toxic products
are causing the cognitive deficiencies as symp-
tomatically diagnosed patients are probably
exposed to toxic products during a longer period
of time than pre-symptomatically treated patients.

10.2.1.2 Direct Effect of NTBC

The fact that neuropsychological impairment
seems to be observed only after the introduction
of the herbicide NTBC suggests a possible direct
association between these deficiencies and
NTBC. A recent article indeed shows a signifi-
cant negative correlation between the duration of
NTBC treatment and IQ (van Ginkel et al. 2016).
However, in this patient group, no significant cor-
relations were observed between duration of
NTBC-treatment and executive functions and
social cognition (van Ginkel et al. 2016). Next to
this, a study in HTI mice showed behavioural
problems in the HTT mice that are hypothesized
not to be caused by NTBC, but more likely by the
toxic metabolites that are associated with the dis-
ease (Hillgartner et al. 2016). In this study,
Hillgartner et al. compared NTBC treated HTI
mice to NTBC treated wildtype mice and normal
wildtype mice who did not receive NTBC. In the
different tasks, especially the NTBC treated HTI
mice showed memory problems, whereas the
NTBC treated wildtype mice did not show differ-
ences compared to the normal wildtype mice.
Based on these results, it was suggested that it
was unlikely that the cognitive problems were a
consequence of NTBC-use (Hillgartner et al.
2016). In contrast, it was deemed more likely that
the problems were caused by the toxic products
that accumulate when NTBC concentrations are
too low, being the same toxic products as before
the introduction of NTBC (Fig. 10.1).

Indirect support for the hypothesis by
Hillgartner (2016) might stem from the fact that
in rats, concentrations of NTBC are much lower
in the brain than in the liver (Lock et al. 1996),
although the enzyme that NTBC binds to
(4-Hydroxyphenylpyruvate  dioxygenase) is
highly expressed in the brain of rats as well (Neve

et al. 2003). Therefore, it may be suggested that
NTBC does not cross the blood brain barrier eas-
ily. Due to NTBC, blood concentrations of HTI-
related toxic products greatly decrease, but
increased blood succinylacetone concentrations
are still sometimes observed in HTT patients and
HTI mice (Al-Dhalimy et al. 2002). This could
indicate that the other toxic products are also still
slightly elevated but probably at much lower con-
centrations than before the introduction of
NTBC. However, this all does not fit the finding
that there were no patients with these findings
before the introduction of NTBC. Unfortunately,
concentrations in the brain of these toxic sub-
stances have not been measured yet.

10.2.1.3 Direct Toxic Effect of High
Tyrosine

Next to a possible direct effect of NTBC on the
neurocognitive outcome, NTBC may induce neu-
rocognitive impairments through its effect on
blood and brain phenylalanine and tyrosine con-
centrations as well. NTBC blocks the enzyme
4-hydroxyphenylpyruvate dioxygenase and in
this way creates a new metabolic defect upstream
of the primary defect. Due to this new block,
tyrosine concentrations increase significantly so
that dietary restriction of tyrosine and its precur-
sor phenylalanine becomes necessary. Despite
these dietary restrictions, tyrosine concentrations
are still higher than normal. In HTT children, rec-
ommended concentrations are 200—400 umol/L
(de Laet et al. 2013), while healthy children have
concentrations around 40-92 umol/L (Table 10.1)
(Blau et al. 1996). Tyrosine concentrations dur-
ing NTBC treatment are mostly higher than tyro-
sine concentrations before the introduction of
NTBC. As tyrosine is transported in a competi-
tive way across the blood brain barrier, high
blood tyrosine concentrations possibly cause
high concentrations of tyrosine in the brain as
well (Pardridge 1998) (Fig. 10.2).

And indeed, in the cerebral spinal fluid (CSF)
of (NTBC-treated) HTI patients, an increased
concentration of tyrosine has been found.
Furthermore, a linear relationship between blood
tyrosine concentrations and tyrosine concentrations
in the CSF was reported (Thimm et al. 2011).
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Increased brain tyrosine concentrations can, in
turn, lead to a direct toxic effect of tyrosine in
the brain like phenylalanine has in PKU (van
Spronsen et al. 2009; Surtees and Blau 2000).
Research on the toxicity of tyrosine showed that
increased tyrosine concentrations can induce all
kinds of processes including oxidative stress and
DNA repair issues, with, as a potential conse-
quence, brain dysfunction (De Pra et al. 2014,
Macedo et al. 2013; Ramos et al. 2013), but the
exact tyrosine concentration that harms develop-
ment still needs to be established.

High tyrosine concentrations may not only be
associated with a sub-optimal neurocognitive
outcome in HTI patients, but also in other defects
affecting tyrosine metabolism such as Hereditary
Tyrosinemia type II (HTII, Richner-Hanhart syn-
drome) and Hereditary Tyrosinemia type III
(HTII). In HTII, biochemically characterized by
high blood tyrosine (sometimes above
1000 pmol/L) and normal blood phenylalanine
concentrations, neurocognitive deficiencies have
been shown as well. Especially when dietary
treatment is started late, these patients are prone
to cognitive deficiencies possibly caused by high
tyrosine concentrations (Scott 2006). However,
tyrosine concentrations are much higher in these
HTII patients than in HTT patients. Nevertheless,
it should be taken into account that high tyrosine
could play an important role in HTI as well, as
developmental problems have also been observed
in HTIII patients, while this disease is character-
ized by much lower tyrosine concentrations than
HTII. Actually, tyrosine concentrations in HTIII
are quite similar to tyrosine concentrations in
NTBC treated HTI patients, probably due to the
fact that NTBC induces the same metabolic block
as is present in HTTIL.

On the other hand, as tyrosine is the precursor
of dopamine (and noradrenalin), increased brain
tyrosine concentrations could not only have a
direct toxic effect on the brain, but also increase
the synthesis of the neurotransmitter dopamine in
the brain. Dopamine is important for various
functions in the brain and is involved in emo-
tional regulation, memory and attention, and
executive functioning (Nieoullon 2002; Salgado-
Pineda et al. 2005). For dopamine, there is clear

evidence that both low and high levels are related
to poor cognitive outcomes (Aarts et al. 2014;
McGough et al. 2009; Vaillancourt et al. 2013).
This supposed inverted U-shape for dopamine-
outcome associations should be investigated
further in HTI. Thimm et al. already found that
in 2/3 patients an increased concentration of
homovanillic acid, a degradation product of
dopamine was found, indicating that dopamine
concentrations are probably too high in these
patients (Thimm et al. 2011).

10.2.1.4 Impaired Influx of Other

Amino Acids

In PKU, research has suggested the presence of
additional pathophysiological mechanisms, next
to phenylalanine toxicity, that might affect brain
functioning. All large neutral amino acids, such
as tyrosine and phenylalanine are transported in a
competitive way across the blood brain barrier by
the Large Neutral Amino Acid -1 (LAT-1) trans-
porter. High concentrations of one particular
amino acid could in this way inhibit the transport
of the others (Fig. 10.2). All amino acids have a
different affinity for the LAT-1 transporter.
Phenylalanine is supposed to have the highest
affinity for the LAT-1 transporter in rats (Smith
2000) and therefore a small increase in plasma
phenylalanine concentrations can already affect
the influx of the other amino acids (de Groot
et al. 2010; van Spronsen et al. 2009). Increased
concentrations of tyrosine may have a similar
negative effect on the influx of other amino acids.
Impaired transport of those LNAA could have
extensive effects on neurotransmitter synthesis
and/or protein synthesis in the brain in general.
Tryptophan is the metabolic precursor for the
neurotransmitter serotonin. If tryptophan is out-
competed by tyrosine at the blood brain barrier,
lower tryptophan concentrations in the brain will
be the result. It may be hypothesized that this will
lead to decreased serotonin synthesis (leading to
cognitive and behavioural problems) comparable
to the issues seen in PKU (van Spronsen et al.
2009; de Groot et al. 2010). Evidence for an
impaired synthesis of serotonin in HTI patients
stems from one study showing decreased levels
of a degradation product of serotonin,
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5-hydroxyindoleacetic acid, in the CSF (Thimm
etal.2011). Clinically, mood disorders caused by
the depletion of serotonin have not yet been
found in HTT patients, although impaired execu-
tive functioning and social cognition, which have
been observed in HTI, could also be related to
lower serotonin levels.

10.2.1.5 Low Blood Phenylalanine
Concentrations

Since the introduction of NTBC low phenylala-
nine concentrations have been observed occa-
sionally in HTI patients (Wilson et al. 2000; Daly
etal. 2012; van Vliet et al. 2014). Most likely this
is caused by a diet that is too strict, although
NTBC seems to lower blood phenylalanine con-
centrations in phenylalanine hydroxylase defi-
cient mice. Unfortunately, the mechanisms
behind the decreases of blood phenylalanine due
to NTBC are not known yet (Harding et al. 2014).
Low phenylalanine concentrations could have
peripheral implications such as eczema and fal-
tering growth in inadequately treated PKU
patients (Pode-Shakked et al. 2013), but also in
HTI (van Vliet et al. 2014). Next to this, low phe-
nylalanine concentrations in a human HTT patient
have been associated with developmental delays
(van Vliet et al. 2014). In HTI patients, it is pos-
sible that the influx of phenylalanine is already
lower than normal due to competition with an
excess of tyrosine at the blood brain barrier.
When blood phenylalanine concentrations are
also lower than normal, brain influx of phenylala-
nine could be even more impaired. Theoretically,
this could for example result in lower protein
synthesis in the brain. Therefore, phenylalanine
supplementation is sometimes given to HTI
patients (Wilson et al. 2000; van Vliet et al. 2014)
although professionals have not yet agreed on the
amount that should be given.

10.3 Conclusion

Although the exact neurocognitive profile of the
HTI patients is not known yet, it is concluded that
HTI patients not only show neurological issues
but also neurocognitive problems in several

different domains. Interestingly, the neurological
issues have not been observed on treatment with
NTBC and diet, whilst on the other hand neuro-
cognitive problems have been reported for the
first time after the introduction of NTBC and
diet. Therefore, future studies have to relate this
non-optimal neurocognitive outcome to treat-
ment parameters such as tyrosine and phenylala-
nine concentrations throughout life. In addition
to this, direct and indirect effects of NTBC or the
toxic metabolites associated with the disease on
the neurocognitive outcome need further
investigation.
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Abstract

Hepatorenal tyrosinaemia (HT1) is a serious condition that used to be fatal
before the advent of nitisinone (NTBC, Orfadine®) as a therapeutic
option. We have recently shown that selective screening is inadequate as
initial symptoms are often uncharacteristic which leads to a considerable
delay in diagnosis and treatment. This has a negative impact on morbidity
and mortality as well as long-term outcome. For example, the odds ratio to
develop hepatocellular carcinoma is 12.7 when treatment is initiated after
the first birthday compared to start of treatment in the neonatal period.
Timely diagnosis is only possible when neonatal mass screening is opera-
tional. HT'1 meets all the criteria for neonatal mass screening at a clinical
and analytical level. The natural course of the disease is well known, clini-
cally there is a latent phase in most patients when presymptomatic treat-
ment can be initiated. There are no mild phenotypes which do not require
treatment. Using succinylacetone as the screening parameter a highly spe-
cific and sensitive test is available with acceptable financial burden.
Neonatal mass screening for HT'1 is acceptable to the target population as
it can be performed simultaneously with the already existing screening
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tests in dried blood, there are no false negative and false positive cases and
the financial burden to the health system is moderate. An efficient treat-
ment is available with nitisinone and protein-reduced diet supplemented
with special amino acid mixtures. Despite compelling evidence in favour
of a neonatal mass screening for HT'1 only 57% of European centres taking
part in our recent cross-sectional study have included HT1 in their newborn
screening programme.

Keywords
Diet  Hepatocellular carcinoma ¢ Hepatorenal tyrosinaemia ® Liver trans-
plantation ¢ Newborn screening ° Nitisinone ® Selective screening ¢

Succinylacetone ® Monitoring ¢ Tyrosine

Abbreviations

HT1 Hepatorenal tyrosinaemia
MS  Mass spectrometry
PKU Phenylketonuria

11.1  Introduction

In central Europe, hepatorenal tyrosinaemia
(HTT1) is an ultra-rare disease with an incidence
of 1:125,000. For many years, HT'1 was clinically
suspected and diagnosed by selective screening
after a long odyssey. With the introduction of the
tandem-mass spectrometry (MS) technique into
newborn screening programmes in the 1990s, it
was possible to apply screening to a wider range
of metabolic diseases. HT1 is not a target disease
of newborn mass screening in every country
within Europe. At present, HT1 is part of the neo-
natal mass screening in (parts of) Austria,
Belgium, Denmark, Hungary, Netherlands,
Poland, Portugal and Spain (Bonham 2013;
Loeber et al. 2012). Therefore, a considerable
number of patients are still diagnosed via selec-
tive screening following a clinical and/or bio-
chemical suspicion. This may have considerable
implications for the age at diagnosis, start of
treatment and long-term outcome.

It has previously been demonstrated that new-
born mass screening using succinylacetone as the
screening parameter is both specific and sensitive
(Sander et al. 2006; Zytkovicz et al. 2013; Allard
etal. 2004; Jakob et al. 1988; Magera et al. 2006).
However, only few countries have included suc-

cinylacetone as a screening parameter in their
newborn mass screening programme. In many
European countries, there is much scepticism
towards newborn mass screening.

In some countries, tyrosine is used as a screen-
ing parameter (phenylalanine/tyrosine ratio) for
the diagnosis of phenylketonuria (PKU) and has
been advocated as a screening parameter for
HT1. In our hands, tyrosine is an unreliable
screening parameter with many false positive and
false negative results. This can be explained by
the fact that tyrosine is part of many anabolic and
catabolic pathways as shown in Fig. 11.1.

In a recent European multi-centre cross-
sectional study, we were able to include data
from 168 patients treated in 21 centres
(Mayorandan et al. 2014). Participating centres
came from Austria, Belgium, Czech Republic,
France, Germany, Israel, Italy, Netherlands,
Norway, United Kingdom, Spain, Switzerland
and Turkey. We focussed on diagnostic, clini-
cal, therapeutic and monitoring aspects as well
as outcome in HT1. In the present chapter, we
will deal with aspects of diagnosis based mainly
on data from our recent study. Results of our
study are compared with smaller regional stud-
ies (Masurel-Paulet et al. 2008; Vondrakova
et al. 2010; Couce et al. 2010, 2011; Larochelle
et al. 2012; Schiff et al. 2011; Coskun et al.
1991).

In order to include a disease in a newborn
mass screening programme it has to be demon-
strated that the criteria of Wilson and Jungner
(1968) are met. We shall use slightly modified
criteria adapted to inborn errors of metabolism
(Andermann et al. 2011).
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Fig.11.1 Tyrosine
metabolism: tyrosine as
an unspecific parameter
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11.2 Screening
11.2.1 Neonatal Screening
Versus Selective Screening

In our recent cross-sectional survey we addressed
the question whether selective screening is suffi-
cient to improve the outcome in HT1-patients
(Mayorandan et al. 2014). We found that early
diagnosis and treatment with nitisinone and a
protein-reduced diet are essential to prevent
hepatocellular carcinoma: The odds ratio to
develop hepatocellular carcinoma was 12.7 when
treatment started after the first year of life com-
pared to patients already treated with NTBC in
the neonatal period. The odds ratio to get liver
cirrhosis was 40.5 in those patients treated
beyond the first year of life compared to patients
treated in the neonatal period. Similarly, the risk
to develop acute liver disease, renal dysfunction
or rickets increased when treatment started later
in life (Table 11.1).

The majority of patients in our survey was
diagnosed via selective screening (132/168).
Presenting symptoms were not specific: Acute
liver dysfunction, hepatomegaly, liver cirrhosis,
nephromegaly, renal dysfunction, fever, diar-
rhoea, infections and feeding difficulties were
observed (Fig. 11.2).

Laboratory parameters and imaging studies
yielded unspecific findings as well. Many patients
were asymptomatic in the first few months of life.
Thus, a diagnosis by clinical suspicion is often
delayed; the average age at diagnosis via selec-
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tive screening was 155 months versus

0.58 months in patients diagnosed by newborn
screening: much too late to prevent serious
sequelae. These results clearly show that early
diagnosis by clinical suspicion and subsequent
selective screening is not feasible in most cases.
Therefore, newborn mass screening is essential
to initiate early treatment and improve the long-
term outcome.

11.2.2 Criteria for Neonatal Mass
Screening

The classical screening criteria of Wilson and
Jungner (1968) were adapted for rare inborn
errors of metabolism in the last years. At the lev-
els of clinical services and laboratory testing,
several criteria have to be met (Andermann et al.
2011). These criteria shall be applied to neonatal
mass screening for HT1.

11.2.2.1 The Condition Sought

Should Be a Common and/or
Serious Health Problem

and There Should

Be a Defined Target

Population

HT1 is definitely a serious condition, though with
an incidence of 1:125,000 not common. The dis-
ease is more prevalent in consanguineous popula-
tions, however we do not think it is ethically
justified to limit the screening programme for
HT1 to certain ethnicities. We advocate screening
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Table 11.1 Early diagnosis prevents clinical sequelae

1-6 m n = 45 patients 7-12 m n = 20 patients >12 m n = 46 patients
LCI UCI OR LCI UCI OR LCI

Complications OR | 95% 95% 95% 95% 95% UCI 95%
LTx 25 02 25.8 4 0.3 47.1 12.7 1.5 103
Acute liver failure 2.5 0.1 63.9 15 0.7 306.4 24 0.09 62.4
Carcinoma 25 02 25.8 6.3 0.6 65.6 12.7 1.5 103
Cirrhosis 81 |04 156.1 41.6 2.2 779.9 40.5 23 704.1
hepatomegaly 33 0.9 11.3 4.4 1.1 17.7 39 1.1 133
Rickets 43 0.2 92.6 10.1 0.5 222.1 19 1.1 338.3
Renal dysfunction 1.7 02 9.8 5.8 1.0 334 5.5 1.1 26.6
Renal tubular dysfunction 1.2 0.1 7.9 1.9 0.2 14.9 4.3 0.8 21.6
Nephromegaly 0.8 0.1 6 3.0 0.4 20.2 2.6 0.4 13.8
Nephrocalcinosis 4.3 0.2 92.6 5.7 0.2 148.3 2.5 0.09 62.5
Impaired growth 2,5 0.1 63.9 1.8 0.03 | 95.6 2.5 0.09 625
Adipositas 25 0.1 63.9 1.8 0.03 | 95.6 2.5 0.09 625
Neurological concomitant | 1.4 0.3 6.3 0.5 0.05 6.1 0.2 0.02 2.5
disease
Neurological crises 0.2 0.02 2.5 0.5 0.05 6.1 0.2 0.02 2.5
Epilepsy/convulsion 0.8 0.1 34 0.9 0.1 5.5 0.1 0.02 1.7
ADS, behavioural disorders | 1.4 0.3 6.3 1.2 0.1 8.2 0.5 0.08 3.2
Learning/language 08 0.05 13.5 0.5 0.02 15.2 0.2 0.01 6.6
difficulties
Impaired psychomotor 0.7 0.2 23 1.5 0.4 5.34 0.7 0.2 2.27
development
Death 0.8 0.01 425 15 0.7 306.4 2.5 0.09 625

in the general population simultaneously with the
already existing screening procedure.

11.2.2.2 The Natural History

of the Condition Should

Be Adequately Understood

and There Should

Be a Latent Stage
If left untreated severe symptoms will result.
Some of these symptoms were obvious in those
patients included in our cross-sectional study
who were diagnosed beyond the newborn period.
Acute liver failure is the most devastating symp-
tom, renal dysfunction is common, rickets as well
as neurological symptoms will occur, a life-
threatening complication is hepatocellular carci-
noma (HCC) (Mayorandan et al. 2014).

In most patients, there is a latent phase of the
disease where no symptoms occur (Mayorandan
et al. 2014). Thus, if screening takes place within
the first few days of life and treatment is insti-
tuted promptly in those newborns tested positive

for HT1, symptoms can be prevented in most
patients. Rare patients already display symptoms
shortly after birth. One patient in our survey pre-
sented with nephromegaly and tubular dysfunc-
tion at age 12 days. These patients will benefit
from initiation of treatment in the early symp-
tomatic stage of disease. To our knowledge, there
are no patients with a mild phenotype not requir-
ing therapy.

11.2.2.3 There Should Be a Good
Treatment Option

Nitisinone (NTBC, Orfadin®) has revolutionised
the outcome in HT'1. It has to be combined with a
low-protein diet supplemented with a special
amino acid mixture to prevent excessive eleva-
tion of tyrosine levels in plasma. The benefit for
the first HT1 patients treated with nitisinone was
so impressive that this compound was granted
approval under exceptional circumstances.

In our survey, there was a clear benefit of early
treatment (cf. Table 11.1). In line with previous
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Fig.11.2 Initial presenting symptoms
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studies in patients with HT1 undergoing nitisi-
none treatment (Thimm et al. 2012; De Laet et al.
2011; Pohorecka et al. 2012; Bendadi et al. 2013;
Masurel-Paulet et al. 2008) a substantial number
of patients in our survey had neurocognitive defi-
cits (see Chap. 10 by van Ginkel et al., this book).
It is not clear if this is part of the natural course of
the disease in older patients if they survive longer
or if it is associated with therapy.

In our survey, the participating centres did not
report serious side-effects of nitisinone treat-
ment. There are still open issues regarding target
values of monitoring parameters like acceptable
tyrosine levels under treatment, therapeutic
nitisinone levels and dosing intervals.
Succinylacetone should be below the detection
limit, it seems reasonable to use the lowest dose
of nitisinone allowing metabolic control.

11.2.2.4 There Should Be a Suitable
Screening Test

Newborn mass screening using succinylacetone
in dried blood as screening parameter is both
highly specific and sensitive (Sander et al. 2006;
Zytkovicz et al. 2013; Allard et al. 2004; Jakob
et al. 1988; Magera et al. 2006). The tandem-MS
technique is used by most laboratories screening
for HT1 to measure succinylacetone in dried
blood. As many laboratories now perform
expanded newborn screening via tandem-MS, no
additional investment for equipment is required
to check succinylacetone levels. Carriers can be
clearly differentiated from patients (Sander et al.
2006).

As mentioned above, tyrosine is unreliable as
a screening parameter; there are many false posi-
tive and false negative results.

Despite compelling evidence in favour of a
newborn screening with succinylacetone in dried
blood as screening parameter, only 57% of the
centres participating in our survey used succinyl-
acetone screening. In many countries, national
legislation and regulatory aspects hamper neona-
tal screening. In our survey, only 28 patients out
of 168 patients were diagnosed by newborn
screening.

11.2.2.5 The Screening Programme

Should Be Acceptable

to the Target Population

and the Society
The screening test for HT1 can be performed
simultaneously with the existing routine screen-
ing procedure for the other target diseases of the
newborn screening programme, no additional
heel prick or venipuncture have to be performed.
As there are no false positive tests with succinyl-
acetone as a screening parameter, screening for
HT1 does not do any harm to either the patient or
his/her family.

There are no mild phenotypes requiring no
therapy, carriers are not detected by the screening
test (Sander et al. 2006). In those screening facili-
ties already using the tandem-MS technology,
moderate additional financial resources are
required. Incorporation of HT1 screening in an
already existing screening programme CoOSts
about 2 € per individual tested and will slightly
prolong the analytical procedure.

To our knowledge, health technology assess-
ment has not yet been performed for HT1 screen-
ing. Severe complications causing disability and
substantial financial burden can be prevented. In
particular, liver transplantation as the therapy of
choice in hepatocellular carcinoma is avoided.

11.3 Discussion

Though the number of countries where neonatal
mass screening for HT1 is performed has
increased, there are still many countries in Europe
where HT1 is not a target disease of neonatal
screening. As we have shown above the clinical
and technological core criteria for neonatal
screening are met when succinylacetone is used
as the screening parameter. Our findings are in
line with other regional studies (Vondrakova
et al. 2010; Larochelle et al. 2012; Mohan et al.
1999).

The reasons for not including HT1 in a
national screening programme are political and
economical. In our opinion, economical reasons
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for not performing neonatal screening for HT1
could be ruled out if health technology assessment
of neonatal screening versus selective screening
were performed due to high morbidity and mor-
tality and expensive liver transplantation in
patients developing hepatocellular carcinoma. In
view of the inferiority of selective screening for
HT1, further extension of neonatal mass screen-
ing to other European countries is essential to
improve the overall outcome of patients and
reduce both mortality and morbidity. However,
there are still open issues like the development of
neurocognitive deficiencies in patients with HT1.
Itis unclear if these problems are part of the natu-
ral course of the disease in patients growing
older, are due to late diagnosis and treatment or
are side effects of dietary and/or pharmacological
treatment. Prospective studies are necessary to
solve this question and address other unmet needs
like target levels of tyrosine in plasma, nitisinone
in blood and dosing intervals of nitisinone.
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Tyrosinemia Type | in Japan: 1 2
A Report of Five Cases
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Abstract

Tyrosinemia type I in Japan was reported for the first time in 1957 by
Sakai et al. (Jikei Med J 2:1-10, 1957) and Kitagawa et al. (Proc Jpn Acad
Ser B 88:192-200, 1957). Five cases of patients with tyrosinemia type I
were reported to be definitively diagnosed in Japan. The first case was
reported by Sakai et al. and Kitagawa et al. To the best of our knowledge,
this was the first definite report in the world. The second and third cases
were those of a brother and a sister who underwent liver transplantation
and who were the children of a Japanese-descent migrant worker; the
fourth case was that of a girl who underwent liver transplantation after
2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) treat-
ment, which was reported by Hata et al.; and the fifth case was that of a
patient who was administered NTBC, which was reported by Ito et al.
These were of the subacute type, wherein residual activity was consider-
ably present. When combined therapy with a low phenylalanine and tyro-
sine diet and NTBC administration is started after early diagnosis, patients
can survive without liver transplantation. Development of liver cancer is
not found in the cases in Japan, but performing liver transplantation with-
out delay is necessary when liver cancer is found.
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Tyrosinemia type I in Japan was reported for the
first time in 1957 by Sakai et al. (1957) and and
Kitagawa et al (1957). Five cases of patients with
tyrosinemia type I were reported to be definitively
diagnosed in Japan. The first case was reported by
Sakai et al. and Kitagawa et al. To the best of our
knowledge, this was the first definite report in the
world. The second and third cases were those of a
brother and a sister who underwent liver transplan-
tation and who were the children of a Japanese-
descent migrant worker; the fourth case was that of
a girl who underwent liver transplantation
after 2-(2-nitro-4-trifluoromethylbenzoyl)-
1,3-cyclohexanedione (NTBC) treatment, which
was reported by Hata et al.; and the fifth case was
that of a patient who was administered NTBC,
which was reported by Ito et al. These were of the
subacute type, wherein residual activity was consid-
erably present. When combined therapy with a low
phenylalanine and tyrosine diet and NTBC admin-
istration is started after early diagnosis, patients can
survive without liver transplantation. Development
of liver cancer is not found in the cases in Japan, but
performing liver transplantation without delay is
necessary when liver cancer is found.

12.1 Case 1:The First Tyrosinemia

Type | Report

The initial case reported that occurred in Japan in
1955 was that of a 2-year-old boy. Based on the
report by Sakai and Kitagawa (1957), he was born
of a consanguineous marriage, and his birth weight
was 3900 g. He had normal growth and develop-
ment during infancy, but appetite loss and abdomi-
nal distension were noticed at the age of 2 years.
Medical examination revealed that the spleen and
liver were 5 cm and 4 cm upon palpation, respec-
tively. A significant increase in urinary 4-hydroxy-
phenyllactate was shown after hospitalization. The
child had diarrhea and weight loss and presented
with hypophosphatemia, suggesting Fanconi rick-
ets. Hepatosplenomegaly and appetite loss wors-
ened, and he developed hepatic coma and
subsequently died at 5 years of age. Pathological
examination showed cirrhosis and liver cancer.
From these courses, this case is thought to be the
first report of tyrosinemia type I in the world.

12.2 Cases 2 and 3: Children
of a Japanese-Descent
Migrant Worker (Ueda et al.
2005)

The son of a Japanese-Brazilian father and a
Brazilian mother was diagnosed with tyrosin-
emia type I, and underwent live donor liver trans-
plant 5 months after birth. His younger sister was
born weighing 4130 g and underwent blood
amino acid analysis because her brother had tyro-
sinemia type I. The tyrosine and phenylalanine
blood levels were 645.7 nmol/ml and 65.5 nmol/
ml, respectively. She was treated with phenylala-
nine- and tyrosine-removed milk, but hypopro-
teinemia and abnormality of the coagulation
system were found (Table 12.1) subsequently.
The mother became a donor for the older brother,
while the father had difficulty becoming a liver
transplant donor because of his disease. The girl
was offered the use of NTBC from abroad, which
was not commercially available at that time.
NTBC administration started 2 months after
birth. Eruption, anemia, hypoproteinemia, and

Table 12.1 Clinical examination in administration

WBC 10.2x10° /ul | Alb 4.1 g/dl PT 14.8 sec
RBC 4.67x10°/ul | UA 3.6 mg/dl | APTT 44.3 sec
Hb 13.4 g/ dl BUN 5 mg/dl | HPT 24.8%
Ht 39.3% Cr 0.3 mg/dl Factor II
33.6%
Plt 15.1x10* /pl Na 137 FactorV
mEq/L 105.0%
AST 42 TU/L K 4.7mEqg/L | Factor VII
35.5%
Alt 26 TU/L Cl 104 mEq/L | Factor VIII
120%
LDH 480 IU/L Ca 9.8 mg/dl | Factor IX
39.9%
T-Bil 0.3 mg/dl P 5.5 mg/dl Factor X
43.2%
ALP 1154 1U/L g- |Mg2.4mg/dl | Factor XI
53.2%
GTP 101 IU/L CRP 0.04 mg/ | Factor XII
dl 19.3%
TBA 153.1 pmol/L | 1gG 818 mg/dl | Factor XIII
>70%
T-Cho 161 mg/ dl IgA 32 mg/dl | Serum tyrosine
TG 111 mg/ dl IgM 99 mg/dl 350 pmol/L
TP 6.6 g/ dl AFP 46,072
ng/ml
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liver function improved dramatically after start-
ing NTBC. She was offered liver donation from
an aunt on her mother’s side at 1 year 9 months of
age and underwent live donor liver transplant.
Hypertyrosinemia was not observed after NTBC
discontinuation after the liver transplantation.

12.3 Case 4: A Girl Reported
by Hata and Shigematsu
(2012)

A girl was born at 38 weeks gestational age at
2740 g without problem during the perinatal
period or neonatal mass screening. Her sibling
was normal. Poor weight gain was observed 1
month after birth, and epistaxis was noted 3
months after birth. Abdominal distension and
edema occasionally developed 4 months after
birth. Hypoproteinemia, coagulation system
abnormality, and slight transaminase level
increase were found in a blood examination.
Alphafetoprotein (AFP) and tyrosine on amino
acid analysis of the filter paper was 77,000 ng/ml
and 540 nmol/ml, respectively. Urine organic
acid analysis showed significant increase of suc-
cinylacetone level at 143 mmol/mol Cr. She was
diagnosed with tyrosinemia type I because of
elevation of AFP, tyrosine, and succinylacetone
levels. She was administered phenylalanine- and
tyrosine-removed milk and NTBC. She under-
went partial liver transplantation from a live
donor mother 5 months after birth.

12.4 Case 5:A Boy Reported
by Ito et al. 2005

A boy was born without abnormality at 39 weeks
and 4 days of gestation at 4074 g birth weight to
parents  without consanguineous marriage.
Asphyxia or jaundice was not observed. No abnor-
mality was found in his two siblings. The neonatal
mass screening performed 5 days after birth was
normal. He was administered vitamin K because
the result of the hepaplastin test (HPT) 6 days after
birth was 24%. The low level of HPT (14.5%) con-

tinued, and he was followed up as a case of con-
genital factor VII deficiency because the factor VII
was found to be 8%. He was admitted to the hospi-
tal for examination because hepatosplenomegaly
was found at 4 months of age. He was suspected to
have tyrosinemia type I because of significant hep-
atosplenomegaly, mild liver dysfunction, high
AFP level at 79,274 ng/ml, decreased coagulation
factor, and increased urinary tyrosine excretion.
He was transferred to a different hospital for close
medical examination and treatment 6 months after
birth. Bulbar conjunctiva did not show the jaun-
dice, and heart and lung abnormality was not
found upon admission. The abdomen was dis-
tended, and the liver and spleen were palpated to
be 5.5 cm and 2.5 cm, respectively. No abnormal
neurological finding was found.

12.5 Laboratory Findings

The laboratory findings at admission are shown
in Table 12.1. A platelet count of 15.1 x 10%/pl
decreased slightly. Biochemical examination of
the blood revealed that alkaline phosphatase
(ALP), y-glutamyl transferase (y-GTP), total bile
acids, and AFP were 11541 U/L, 1011 U/L, 153.1
pmol/l, and 46,072 ng/ml, respectively.
Coagulation factors II, VII, IX, X, XI, and XII
were low; prothrombin time (PT) and activated
partial thromboplastin time (APTT) were pro-
longed; and HPT was low. Tyrosine level was
high at 403 nmol/ml by blood amino acid analy-
sis. Urinary organic acid analysis (Fig. 12.1)
showed significantly increased excretion of tyro-
sine metabolites, such as 4-hydroxyphenylpyruvic
acid, 4-hydroxyphenyl lactic acid,
4-hydroxyphenyl acetic acid, and significant suc-
cinylacetone level increase, and the patient was
diagnosed with tyrosinemia type
I. Fumarylacetoacetate hydrolase (FAH) activity
of the liver biopsy specimen was 2.93 pmol/min/
mg protein compared with FAH activity (5.14
pmol/min/mg protein) in the liver of patients with
cirrhosis, and he was diagnosed with tyrosinemia
type 1. The pathological diagnosis of the liver
biopsy specimen was cirrhosis.
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Fig.12.1 Urinary organic acid analysis in case 5. Urinary organic acid analysis revealed elevation of succinylacetone,

PHPAA, PHPLA and PHPPA

Table 12.2 Clinical examinations during NTBC administration

Administration | Before | 1 week | 1 month| 4 month| 1 year |3 year |5year |8 year
NTBC (mg/day) 9 9 10 15 15 20 30
Liver (cm) 5.5 5.0 5.0 4.5 3.0 2.5 2.0 2.0 0.5
Spleen (cm) 3.0 3.0 3.0 1.0 n.p. n.p. n.p. n.p. n.p.
Platelets (x10%/ul) 15.1 250 |273 46.6 333 23.6 24.1 20.1 23.4
HPT (%) 24.8 69.7 | 74.1 79.8 71.6 80.1 78.7 78.4 81.7
¥—GTP (IU/L) 101 128 113 97 32 18 17 15 15
TBA (pmol/l) 153.1 57.3 11.8 13.8 10.9 7.3 8.6 4.4 9.1
AFP (ng/ml) 46,072 2661 | 1475 463 91 8 5 4 4
Serum tyrosine (mg/dl) | 7.30 0.82 1.06 0.32 4.70 5.60 8.91 8.11 6.33
EBC PBG synthase - 0.030 10.900 | 1.070 |0.850 |0.830 |0.720 |- -
actibity (nkat/gHb)
Serum succinylacetone | — 2.30 1.20 0.26 <0.10 |0.12 <0.10 |- -
(mmol/l)
Urine 5-Aminolevulinic | — 64.0 8.5 3.8 5.6 5.0 5.0 - -
acid (mmol/mol Cr)
Urine Succinylacetone - 20.0 <1 <1 <1 <1 <1 - -
(mmol/mol Cr)

n.p.: not palpable
(-): not evaluated

12.6 Clinical Course (Table 12.2)

NTBC therapy was administered after the chemi-
cal diagnosis by using organic acid analysis
because the family consented. Professor Lindstedt
from the Gotenberg University and Swedish
Orphan Company provided NTBC. Before
NTBC the administration, he was treated with a
low tyrosine phenylalanine diet. PT, APTT, hepa-

plastin test, blood coagulation factors, and plate-
let count of 25.0 x 10%/pl improved after the diet
therapy. Biochemical test showed that the total
bile acids and AFP at 57.3 pmol/l and 2331 ng/dl,
respectively, decreased; however, y-GTP level of
128 TU/1 remained high. Porphobilinogen (PBG)
synthase activity in red blood cells was decreased
at 0.03 nkat/g Hb (normal range, 0.58-1.25
nkat/g Hb), and plasma succinylacetone of 2.30
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pmol/l (normal range, <0.1 pmol/l) increased.
Urinary succinylacetone of 20.0 mmol/mol Cr
(normal range, 1 or less) and urine aminolevu-
linic acid level of 64.0 mmol/mol Cr (normal
range, 0-3) were high. One week after NTBC
administration, PBG synthase activity in the
blood was within the normal range, and urinary
succinylacetone was lower than detection limit.
Two months after NTBC administration, blood
coagulation system examination, y-GTP, plasma
succinylacetone, and total bile acids were within
the normal range. However, AFP levels became
normal after 1 year (less than 10 ng/dl), and urine
aminolevulinic acid decreased by 8.5 mmol/mol
Cr after 1 week, but did not decrease to normal
range (3.0 mmol/mol Cr). Hepatosplenomegaly
gradually improved after NTBC administration,
and the spleen was not palpated 1 month after
NTBC administration, and the liver surface
became smooth 8 months after, and hepatomeg-
aly improved to approximately 2 cm beyond the
rib bottom 1 year later. Abdominal MR imaging
did not exhibit any neoplastic lesion in the liver. a
special formula was used in addition to NTBC
therapy to keep the patient’s serum tyrosine con-
centration to 3—5 mg/dl. The NTBC dose is 0.6—1
mg/kg/day and does not show the adverse effects.

12.7 Newborn Screening
of Tyrosinemia Type |

A pilot study of the newborn screening of tyrosin-
emia type I was conducted by Shigematsu et al.
(2007). He measured tyrosine level from a filter
paper sample. If the tyrosine level was 200 nmol/
ml or more, succinylacetone of the filter paper was
measured as the second testing. The cut-off value
of succinylacetone was 5.0 nmol/ml. Of the 27,905
neonate samples, 499 (1.79%) were assayed for
the second test because of high concentrations
with tyrosine. No positive sample with succinylac-
etone concentrations level above the cut-off value
was found. Further screening was continued, but
no sample with high succinylacetone concentra-
tions above the cut-off value was found after
screening approximately 500,000 specimens.

Therefore, the tyrosinemia type I incidence in
Japan seemed to be extremely low, and newborn
screening of tyrosinemia type I by measuring suc-
cinylacetone does not seem to be realistic.

12.8 Discussion

A total of 5 cases of tyrosinemia type I were
found in Japan and were of the subacute type,
wherein residual activity was considerably pres-
ent. When combined therapy with a low phenyl-
alanine and tyrosine diet and NTBC
administration is started after early diagnosis,
patients can survive without liver transplantation.
We should start NTBC administration initially
while considering the indication of liver
transplantation(Lindstedt et al. 1992; Kelsey
et al. 1993; Grompe et al. 1995). However, devel-
opment of liver cancer cannot be prevented in
some cases even after NTBC administration
(Michell et al. 2001), and performing liver trans-
plantation is necessary in severe cases without
improvement after NTBC administration.
Development of liver cancer is not found in the
cases in Japan, but performing liver transplanta-
tion without delay is necessary when liver cancer
is found (Nakamura et al. 2015).
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Abstract

Hereditary tyrosinemia type I (HTI) is a rare autosomal recessive disorder
caused by a fumarylacetoacetate hydrolase (FAH) deficiency. If untreated,
its acute form is characterized by hepatic failure, renal dysfunction and
neurological crisis, and may lead to death. Due to a genetic founder effect
in the French-Canadian population, the prevalence of HTT is increased in
the province of Quebec (1/19 819), with the IVS12 + 5G>A (1062 +
5G>A) splice site mutation responsible for more than 90% of mutated
alleles. Universal newborn screening for (HT1) was thus established in
1970, and close to four million infants have been tested so far, allowing to
identify 185 of the 190 affected newborns. During the 1970-1997 period,
2,249,000 newborns were screened at 3—7 days of life on dried filter paper
blood spots by tyrosine (Tyr) concentration followed by indirect colori-
metric semi-quantitative and quantitative (Q) succinylacetone (SA) testing
(red blood cells 8-aminolevulinate dehydratase inhibition), with immuno-
reactive FAH as the confirmatory test. This approach allowed to identify
118 of 123 affected newborns. In 1998, owing to earlier hospital discharge
and increased rate of breastfeeding, four cases were missed within the
same year as the discriminating power of blood Tyr became inadequate.
Thus, the screening algorithm was modified: indirect semi-quantitative SA
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measurement became the first-tier test between 1998 and 2014, and direct
SA measurement by tandem mass spectrometry (MS/MS) was imple-
mented in 2014, followed by indirect quantitative SA measurement as sec-
ond tier test. Confirmation is performed by plasmatic amino acid profile
and molecular testing. During the 1998-2016 period, more than 1,5 mil-
lion neonates have been tested (90% sampled between 24 and 48 h of life):
67 of the 67 HTI cases were identified. Both indirect and direct SA mea-
surement as the initial HTI screening test proved to be highly sensitive and
specific, with positive and negative predicting value of 79% and 100%

respectively.

Keywords

Hereditary tyrosinemia type I ¢ Genetic founder effect ® Newborn screen-
ing ¢ Tyrosine * Succinylacetone

13.1 Screening for HT1 in Quebec:
Background

Hereditary tyrosinemia type I (HT1, McKusick
27,670), also called hepatorenal tyrosinemia, is a
rare autosomal recessive inborn error of metabo-
lism caused by a deficiency of fumarylacetoace-
tate hydrolase (FAH), in the last step of tyrosine
catabolic pathway (Fig. 13.1). FAH deficiency
leads to an accumulation of fumarylacetoacetate
(FAA), maleylacetoacetate (MAA), and succin-
ylacetone (SA), which are responsible for the
clinical symptoms of the disorder. The world-
wide incidence of HTI is estimated to be
1:100,000-125,000 (Mitchell et al. 2001;
Halvorsen 1980). Close to 100 different muta-
tions in the FAH gene have been identified so far,
many of which have specific ethno-geographic
distributions (Angileri et al. 2015).

The French-Canadian population of Quebec,
representing about 6,5 of the 8,1 million inhabit-
ants, descents from about 8500 French settlers
from a few villages in northern France who
arrived in Nouvelle-France between 1608 and
1759. The migration of those settlers and their
descendants led to genetic founder effects for
various disorders, including HTI1, which are
reflected in the geographical distribution of
genetic diseases in the province (Laberge et al.

2005). Indeed, due to a complex founder effect
(De Braekeleer and Larochelle 1990; Laberge
1969), the frequency of HT1 is much higher in
the province of Quebec where it has been previ-
ously estimated at 1:16,786, with the highest fre-
quency of 1:1846 in the Saguenay Lac-Saint-Jean
region (SLSJ) in the northeastern part of Quebec,
and an estimated carrier rate between 1:20 and
1:31 (De Braekeleer and Larochelle 1990;
Laberge and Dallaire 1967). In the SLSJ region
of Quebec, owing to the founder effect, about
95% of mutated alleles are due to a splice site
mutation (IVS12 + 5G—>A; 1062 + 5G>A) in the
FAH gene (Grompe et al. 1994; Poudrier et al.
1996).

HTI may present either as an acute or a chronic
form. In the acute form, the prenatal and perinatal
periods are unremarkable, but symptoms appear
in the neonatal period. It is characterized by acute
liver failure, peripheral porphyria-like neurologi-
cal crises and coagulation disorders. In the
absence of treatment, neonates affected by the
acute form usually present with hepatic decom-
pensation and porphyria-like neurological crises,
caused by the accumulation of 5-aminolevulinic
acid (ALA) due to ALA dehydratase inhibition by
SA (Scott 2006), which is often precipitated by a
catabolic state. In the chronic form, the child pres-
ents with failure to thrive and develops chronic
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liver disease, renal tubular dysfunction and rickets
due to renal Fanconi syndrome. Untreated patients
are at high risk of developing liver cirrhosis and
hepatocellular carcinoma (Scott 2006). The acute
form is referred to as the “French Canadian” type,
while the chronic form is referred to as the
“Scandinavian type”, but this classification may
be misleading as both forms may coexist.

As affected neonates are usually asymptom-
atic in the first month of life and usually present
with unspecific symptoms, in the absence of
newborn screening, diagnosis may go unrecog-
nized and will often be delayed, leading to seri-
ous complications and poor prognosis. Indeed, in
severely affected neonates that were not screened

and identified asymptomatically, the age of onset
of symptoms is an important prognostic factor:
before inception of treatment by 2-(2-nitro-4-
trifluoromethylbenzoyl)-1,3  cyclohexanedione
(NTBC) in the mid-90’s, 1-year mortality was
60% in neonates who became symptomatic
before 2 months of age, compared to 4% in chil-
dren presenting signs and symptoms after
6 months of age (van Spronsen et al. 1994).
Treatment of HT1 has evolved greatly over the
last decades. Before the 1980s, the only treatment
proposed was a diet restricted in both phenylala-
nine and tyrosine, with the hope of obtaining suc-
cessful therapy, in line with the success of early
dietary treatment against phenylketonuria.
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However, dietary treatment alone has been disap-
pointing in preventing complications of HT1, and
in the 1980s, liver transplant started to be offered,
improving the prognosis of affected children, but
not without significant morbidity. More recently
(mid 1990s), NTBC, an herbicide inhibiting the
4-hydroxyphenylpyruvic acid dioxygenase, an
enzyme proximal to the FAH, which results in
decreasing the levels of FAA, MAA and SA
(Fig. 13.1), has revolutionized the treatment and
prognosis of HTT (see Chaps. 18 and 19 for details
on treatment of tyrosinemia in Québec). Since
pregnancies carrying a foetus affected by HT1
usually evolve normally and are generally asymp-
tomatic, these neonates may greatly benefit from
newborn screening for HT1, especially with the
advent of early treatment of HT1 by NTBC,
allowing to greatly improve prognosis.

HT1 fulfils the Wilson and Jungner classical
criteria for universal screening developed by the
WHO in 1968 (Wilson et al. 1968), which were
revised in 2011 (Andermann et al. 2011): it is a
serious disorder, the natural history of the condi-
tion is understood, there is a an acceptable screen-
ing test and a treatment option (see Chap. 10 for
details of classical screening criteria).

13.2 Screening for HT1 in Quebec:
Historical Perspective
1970-1997

With the above considerations in mind, in the
context of an increased frequency of HTI in the
province of Quebec, and following the public
health success of newborn screening for PKU
(which began in October 1969 in Quebec), uni-
versal newborn screening for HT1 was imple-
mented as a pilot project in the fall of 1970 and
offered without interruption in the province since
then. This represents close to four million new-
borns screened for HT1 over the last 45 years.
During the 1970-1997 period, 2,249,000 new-
borns were screened for HT1 at 3-7 days of life
by tyrosine (tyr) concentration from dried filter
paper blood spots as the first tier test, followed by
a-fetoprotein (AFP) performed by a fluorimetric

method as the second tier test until 1980 when
first tier testing by tyr was abnormal (Grenier
et al. 1976), very high levels of AFP most proba-
bly reflecting liver injury in utero. In 1980, AFP
as the second tier test was replaced by indirect
semi-quantitative (semi-Q) and quantitative (Q)
succinylacetone (SA) measurements (by red
blood cells 8-aminolevulinate dehydratase (ALA)
inhibition) as the second and third tier tests before
referral of screened-positive neonates to one of
our clinical referral centers. In brief, the principle
of indirect SA measurement is based on the inhi-
bition of red blood cells (RBC) ALA by SA,
results being compared to a standard curve with
known amounts of porphobilinogen (measured at
lambda = 550 nm) (Fig. 13.2). The semi-Q
approach measures ALA inhibition of the neo-
nate’s RBC, while the Q-SA measurement, per-
formed as a validation of initial semi-Q
screen-positive neonates, is based on ALA inhi-
bition of RBCs from normal controls in the pres-
ence of eluent from the screened-positive
newborn’s blood spots. Immunoreactive FAH (by
enzyme-linked immunosorbent assay, ELISA)
was performed as the confirmatory test on the ini-
tial blood spot, as it was shown to be associated
with an absence of signal when performed in
affected neonates with the IVS12 + 5G->A FAH
mutation (Laberge et al. 1990).

The high specificity of SA measurements as
the second and third tier screening tests, although
indirect through ALA dehydratase inhibition, led
to very rare false-positive results, while allowing
to identify neonates affected with HT (Table 13.1).
However, owing to earlier hospital discharge of
postpartum mothers and their babies and increas-
ing rates of breastfeeding, even if the tyr cut-off
levels to identify screen-positive neonates were
gradually lowered from 414 pmol/L in 1970 to
200 pmol/L in 1997, the sensitivity, specificity
and discriminating power of first tier tyr testing
became insufficient. In 1997, four cases of HTI
with tyr < 200 pmol/L (tyr levels of 198, 193,
168, and 166 mol/L) were missed within a year,
as they did not proceed to second tier indirect
semi-Q and Q-SA measurement (but showed
later to have both increased semi-Q and Q-SA
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Fig.13.2 Principle of
blood spot indirect
succinylacetone
measurement by the
inhibition of red blood
cells 8-aminolevulinate
dehydratase from
succinlyacetone

RBC §-AminoLevulinate %

levels). Global figures for the 1970-1997 period
are shown in Table 13.1.

Thus, if the presence of increased levels of tyr
from blood spots may suggest HTI, tyr measure-
ment in the first 24—48 h of life is neither a sensi-
tive, nor a specific screening marker of HT1, and
normal screening tyr level did rule out a diagno-
sis of HT1 in the new context of early discharge
of mothers and infants in the mid-1990s.
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13.3 Screening for HT1 in Quebec:
Historical Perspective
1998-...

Following early discharge of neonates after birth,
tyr did not qualify anymore as an adequate first
tier screening test for HT'1. In addition, elevated
tyr is also observed in tyrosinemia type II and III,
transient tyrosinemia of the newborn, prematu-
rity and hepatocellular dysfunction of almost any

Table 13.1 Global performance of newborn screening for hereditary tyrosinemia type I in Quebec between 1970 and

January 2016
1970-1997 1998-2016°
(Succinylacetone as the first
(Tyrosine as the first tier) tier) 1970-2016*
Newborn tested 2,249,000 1,516,517 3,765,517

Time of sampling 3-7 days of life

>90% between 24 h and
7 days of life

>90% before 72 h of life

Total number of cases 123 67 190

Cases detected 118 67 185

Cases missed (acute 5 0 5

form)

Sensitivity 95.9% 100% 97.4%

Positive predictive value | 88.1% (after SA 79.1% 85.0%
measurement as 2nd tier)

False positive rate 0.01% (after SA 0.0001% 0.001%
measurement as second tier)

Incidence 1:18,285 1:22,634 1:19,819

aData as of January Ist, 2016. Between 1998 and 2012, first tier testing was performed by indirect measurement of SA
through ALA dehydratase inhibition, while direct (MS/MS) SA measurement using hydrazine monohydrate as per the
PerkinElmer non-derivatized NeoBase kit® and assay solution is performed by tandem mass spectrometry as the first
tier screening test since 2014 (after a transition between 2012 and 2014 where both indirect and direct SA measure-
ments were performed in parallel as first tier screening test)

SA succinylacetone
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etiology. Already in 1996-1997, an adapted ver-
sion of the semi-Q SA measurement (Grenier and
Laberge 1996) to be performed in 96-well plates
was underway, allowing the screening algorithm
to be modified in 1998: indirect semi-Q SA mea-
surement became the first-tier test (normal >0.20
0.D.; optic density), followed by second tier
indirect Q-SA testing (normal <2.5 pmol/L
equivalent) when first tier semi-Q SA was abnor-
mal, immunoreactive FAH testing still serving as
the confirmatory test. Tyr level became an auxil-
iary test.

Between 1998 and April 2014, 1,366,294
newborns have been screened for HTT using indi-
rect semi-Q SA testing as the first tier; over 90%
of blood spots were sampled between 24 and 48
h of age. During this period, only 152 (0.0001%)
neonates showed abnormal results after indirect
semi-Q SA, 85 of them normalized after indirect
Q-SA and FAH measurement, while 53 of the
remaining 67 with abnormal by indirect Q-SA
and FAH referred to a specialized clinic were
confirmed to be affected by HTT (positive predic-
tive value =79,1%; incidence of HT1 = 1:25,779).
No cases of acute form of HT1 were missed. Of
note, between 1998 and September 2011, while
tyr was still measured by fluorimetry (before we
implemented tandem mass spectrometery (MS/
MS) measurement), the average blood spot tyr
level of confirmed HT1 cases (n = 44) was 189 +
67 pmol/L compared with 151 £ 51 pmol/L in
normal newborns (n = 1,150,888), showing sig-
nificant overlap, confirming poor discriminating
power of tyr.

In 2011, the newborn screening program was
enhanced by the acquisition of tandem mass
spectrometers. Between 2012 and 2014, direct
SA measurement using MS/MS was performed
using hydrazine monohydrate as per the
PerkinElmer non-derivatized Neobase kit® in
parallel with the first tier indirect semi Q-SA
methods. In April 2014, both the indirect semi-Q
and FAH measurement were removed from the
screening algorithm. Since then, HT1 is screened
by direct SA measurement by MS/MS as the first
tier test (normal <0.7 pmol/L), followed by indi-
rect Q-SA measurement when SA is positive by
MS/MS. In case of discordance, a repeat sample

is requested. During the following 20-month
period (April 2014—January 2016), 150,223 neo-
nates were screened for HT'1 with the new screen-
ing algorithm, and 14/19 (positive predictive
value = 73,6%) screen-positive neonates were
diagnosed with HT1 (incidence of 1:10,730).
Overall, during the 17-year interval since SA
measurement has been used as the first tier test
(either through indirect or direct SA measure-
ment), 1,516,517 newborns have been screened
for HT1: 86 screen-positive newborns were
referred to a specialized referral center at about
10-15 days of life, while 67 were confirmed to be
affected with the disorder, resulting to a positive
predictive value = 79,1% (incidence of TYRI:
1:22,634). Since 1998, SA measurement as first
tier screening test, either indirect through ALA
dehydratase inhibition or by direct MS/MS mea-
surement, proved to be highly sensitive and spe-
cific, and to our knowledge no cases were missed
(negative predictive value = 100%). Data for the
April 1998—January Ist 2016 period and global
figures since 1970 are shown in Table 13.1.

13.4 Conclusion

HT1 is arare disease presenting with non-specific
signs and symptoms and may be overlooked in
the investigation of an affected child. Owing to a
founder effect, there is an increased incidence of
HTT in the province of Quebec. Since inception
of universal newborn screening for HT1 in the
province in the fall of 1970, the program screened
close to four million infants and identified 185 of
the 190 cases of HT1 over the last 45 years, with
a global frequency of HTI of 1:19,819.
Interestingly, this represents more affected neo-
nates and a higher frequency compared to classi-
cal phenylketonuria (Fig. 13.3).

Over the years, the newborn screening pro-
gram had to adapt to changes in the management
of the postpartum period of mothers and their
babies in the health care system: when earlier
hospital discharge of mothers and their newborns
was instituted, tyrosine did not have sufficient
sensitivity and specificity as a first tier screening
test and was replaced by SA measurement.
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50 -
25 -+
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Nb tested 3765 517 3 810497
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For decades, the province of Quebec was the
only jurisdiction offering HT1 universal newborn
screening. More recently, the introduction of
NTBC as an effective treatment, combined with
the implementation of MS/MS technology in
newborn screening, led to the addition of HTI,
using SA as a sensitive and specific primary
screening marker of the disease, to the screening
panel of many jurisdictions worldwide.
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Abstract

Hepatorenal tyrosinemia is a treatable metabolic disease characterized by
progressive liver failure, renal damage and pronounced coagulopathy. Its
clinical diagnosis is difficult because of its low prevalence and heteroge-
neous symptoms. In developed countries, expanded newborn screening,
based on succinylacetone quantification by tandem mass spectrometry,
has been very valuable in the early detection of hepatorenal tyrosinemia,
providing the opportunity for rapid treatment of affected patients. In devel-
oping countries without systematic expanded newborn screening, how-
ever, diagnosis and treatment of this disease remain major challenges, as
genetic diseases in these countries are not a health priority and there are
few referral centers for infants with inherited errors of metabolism. This
chapter describes the diagnosis, follow-up and outcome of 20 Mexican
patients with hepatorenal tyrosinemia. This chapter also constitutes a call
to action to pediatricians, gastroenterologists, geneticists and other health
professionals, and to academic organizations, health authorities and
patient advocacy groups, to promote early patient detection and treatment,
reducing the unacceptably high mortality rate (75%) in Mexican infants
with this potentially deadly but eminently treatable condition.
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Abbreviations

GC/MS  Gas chromatography

HCC Hepatocellular carcinoma

HPLC  High performance liquid
chromatography

IEM Inherited error of metabolism

MS/MS  Tandem mass spectrometry

SA Succinylacetone

14.1 Hepatorenal Tyrosinemia

in a Tertiary Care Center
in Mexico

Hepatorenal tyrosinemia is a complex inherited
error of metabolism (IEM). It is generally recom-
mended that patients with this condition be man-
aged in a tertiary referral hospital by
multidisciplinary teams, comprising metabolic
specialists, biochemists, gastroenterologists,
dietitians, geneticists, pathologists and nurses,
among others, to provide optimum care and
improve the quality of life of affected children
and their families (http://www.eurordis.org/sites/
default/files/publications/Declaration_
Centres%200f%20Expertise-nov08.pdf). In
developing countries such as Mexico, however,
there are obstacles to comprehensive medical
care of patients with hepatorenal tyrosinemia and
other IEMs. These include disparities in the avail-
ability of health services and access to treatment;
the low priority of genetic metabolic diseases;
and economic and political instability among
others (Guigliani 2010). Despite these difficulties
and limitations, the experience of institutions,
such as the National Institute of Pediatrics in
Mexico, may be useful for other developing
countries. This chapter describes the diagnosis,
follow-up and outcome of a cohort of Mexican
patients with hepatorenal tyrosinemia.

The National Institute of Pediatrics is a
45-year-old non-profit institution with federal
government support dedicated to the specialized
medical attention of patients with complex dis-
eases. Most of the patients referred are from the
Mexico City metropolitan area and surrounding

states. Over 12,000 new patients are referred
annually, and there are about 212,000 medical
appointments per year (pediatria.gob.mx/transfo-
cal_estadis.html). Our laboratory (Laboratorio
de Errores Innatos del Metabolismo y Tamiz) is
exclusively devoted to the diagnosis and manage-
ment of patients with inherited errors of interme-
diary metabolism, particularly disorders in amino
acid, organic acid and carbohydrate metabolism.
Over the last 20 years, our laboratory has diag-
nosed and treated 20 patients with hepatorenal
tyrosinemia (Velazquez et al. 2000; Ibarra-
Gonzilez et al. 2014a, b). Although patients were
originally tested using classical qualitative chem-
ical tests, biochemical markers of IEMs in body
fluid are quantitated by specialized tests. These
include high performance liquid chromatography
(HPLC) for amino acid analyses, gas chromatog-
raphy coupled to mass spectrometry (GC/MS)
for organic acid analyses, and tandem mass spec-
trometry (MS/MS) to analyze amino acids and
acylcarnitines in dried blood spots (Velazquez
et al. 2000; Ibarra-Gonzalez et al. 2014a). The
professional staff includes three biochemists, one
geneticist, one metabolic dietitian, two pediatri-
cians and two technicians, all of whom have
received specialized training in the management
of patients with IEM. Furthermore, the laboratory
staff closely communicates with all medical
departments of the institution, primarily with the
neurology, gastroenterology, intensive care unit
and emergency room departments.

Clinical Characteristics
of Mexican Patients
with Hepatorenal
Tyrosinemia

14.2

Patients with a suspected IEM involving the liver
were referred to our laboratory to test for hepa-
torenal tyrosinemia. Blood and urine samples
were collected and selective screening tests were
performed (HPLC, GC/MS and MS/MS). The
first 15 patients were diagnosed with hepatorenal
tyrosinemia based on the presence of succinylac-
etone (SA) in urine, whereas the last five patients
were diagnosed by elevated SA in blood, as well
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Fig.14.1 Biochemical and clinical data observed at diagnosis of Mexican patients with hepatorenal tyrosinemia

(n =20)

as SA in urine. Of the 20 patients, 8 (40%) pre-
sented with the acute form of hepatorenal tyro-
sinemia, characterized by clinical onset during
the first 6 months of life with acute liver failure;
6 (30%) with subacute hepatorenal tyrosinemia,
characterized by less severe presentation at ages
ranging between 6 and 12 months; and 6 (30%)
with the chronic form, occurring after the first
year of life (Angileri et al. 2015). The signs and
symptoms of these different types of hepatorenal
tyrosinemia are summarized in Fig. 14.1. Similar
to other case series, the acute form of hepatorenal
tyrosinemia was the most common one (Couse
et al. 2011; Zeybek et al. 2015).

All 20 patients presented with the classical fea-
tures of hepatorenal tyrosinemia, including pro-
gressive hepatic impairment (Mitchell et al.
2001). The mean age at onset of clinical symp-
toms was 10.18 months (range 0.3—60 months),
and the mean age at diagnosis was 19.48 months
(1.3-60.9 months). The youngest patient, a boy
diagnosed at age 1.3 months, showed symptoms
since birth with irritability, including poor feeding
and vomiting; later, he developed hepatomegaly,
edema and ascites with severe abnormalities of
hepatic synthetic function, renal tubular disorder

and fulminant sepsis, dying at the age of 1 month
14 days. The oldest patient at diagnosis was a 5
year old boy whose symptoms, including hepato-
megaly, growth retardation and renal failure,
began at age 3 years. All patients had a delayed
diagnosis, with a mean gap between the com-
mencement of symptoms and diagnosis of 9.3
months (10.8, 9.2, and 7.4 months in patients with
the acute, subacute and chronic forms of hepa-
torenal tyrosinemia, respectively). These data are
similar to those reported in other countries with-
out newborn screening programs for this disease
(Zeybek et al. 2015; Rainman et al. 2012).

The frequency of neurological crises, charac-
terized by painful paresthesia and autonomic
signs (e.g., hypertension, tachycardia, ileus
paralysis) (Mitchell et al. 2001), varies among
populations; it has been documented in 65% of
Turkish patients (Zeybek et al. 2015), 42% of
French-Canadian patients (Mitchell et al. 1990),
and 6% of Spanish patients (Couce et al. 2011).
Similarly, 10% of our patients experienced neu-
rological crises. Seizures (Fig. 14.1), including
status epilepticus, were documented in 35% of
our patients, and were observed in patients with
advanced stage disease. Most of these seizures
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were associated with multiple organic failure,
hypovolemic shock, hypoglycemia, sepsis and
hyperammonemic encephalopathy with a fatal
outcome.

14.3 Treatments and Outcomes

Until the advent of liver transplantation and
[2-(2-nitro-4-trifloro-methylbenzoyl)-1,
3-cyclohexanedion] (NTBC), the only available
treatment was dietary restriction of the aromatic
amino acids phenylalanine and tyrosine. This
treatment, however, could only provide improve-
ments in some symptoms, but could not slow the
progression of disease (Halvorsen et al. 1988;
Mitchell et al. 1995). All of our patients who
received supportive care (e.g. transfusion, diuret-
ics, pain management) or nutritional treatment,
died (Fig. 14.2).

Since the first liver transplant for hepatorenal
tyrosinemia was performed in 1976 (Fisch et al.
1978), several studies have been performed with
different survival rates (Mayorandan et al. 2014;

Seda Neto et al. 2014). Liver transplantation is
indicated in patients with advanced cirrhosis or
hepatocellular carcinoma (HCC), and should also
be performed in patients with hepatic nodules
and those in neurologic crisis (Mitchell et al.
1995).

Of the 20 patients in our cohort, four under-
went hepatic transplantation because of advanced
cirrhosis and/or hepatic nodules. Two died
because their HCCs metastasized to distance
sites. The other two patients showed favorable
outcomes, surviving 57 and 147 months after
transplantation (Fig. 14.2).

Hepatic transplantation has been recom-
mended for patients in developing countries that
lack screening programs and NTBC (Seda Neto
et al. 2014), but is regarded only as an option in
patients with HCC (Mayorandan et al. 2014).
Hepatic transplants, however, are expensive and
limited to some centers. Pediatric hepatic trans-
plantation was introduced only recently in
Mexico (Varela-Fascinetto et al. 2011), and is not
accessible to all patients because of the high
demand and few experienced hospitals.
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Fig.14.2 Kaplan-Meier survival curve of Mexican patients with hepatorenal tyrosinemia
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Treatment with NTBC was introduced for the
first time in 1992 (Linstedt et al. 1992), and its
combination with a diet restricting tyrosine and
phenylalanine has changed the natural history of
this disease (Linstedt et al. 1992; Bartlett et al.
2014; Larochelle et al. 2012). NTBC was first
introduced into Mexico in 2010 and has been
used to treat four patients with hepatorenal tyro-
sinemia. Early introduction of pharmacological
therapy, during the first 30 days of life, has been
associated with a better outcome (Larochelle
et al. 2012; Mayorandan et al. 2014).
Unfortunately, the five Mexican patients were
first treated at ages 4, 5, 10, 28 and 37 months,
putting them at risk of developing HCC and other
renal and liver complications. To date, one of
these five NTBC treated patients has undergone
orthotopic hepatic transplantation because of the
presence of hepatic nodules. Despite these
patients starting pharmacological therapy rela-
tively late, they showed remarkable clinical and
biochemical improvements, with serum and uri-
nary SA reduced to normal values within 1 week
(Fig. 14.3a). Alpha-fetoprotein levels diminished
slower than SA, becoming normal 2.5 months to
1 year after the beginning of NTBC therapy
(Fig. 14.3b), these findings are similar to previ-
ous results (Raimann et al. 2012).

Nutritional treatment in our center, which is
based on treatment protocols, is supervised by a
specialized metabolic dietitian (Acosta and
Matalon 2012). Therapy consists of a diet
restricted in tyrosine and phenylalanine, supple-
mented with free tyrosine and phenylalanine
medical formula that provides the protein that
patients need. In order to facilitate adherence and
variety, a serving list in which foods can be
exchanged based on the phenylalanine and tyro-
sine content, is given to patients. In Mexico, only
one brand of the latter is currently available, and
patients at the National Institute of Pediatrics
without health insurance are able to receive this
formula for free or at very low cost. Intake of
energy, protein, minerals and vitamins recom-
mended for these patients are higher than those
recommended for the general Mexican popula-
tion. Nutritional and biochemical assessments
are performed weekly during the first year of

treatment and every 1-3 months thereafter. Tests
include clinical status, dietary intake, anthropo-
metric measurements, and plasma levels of amino
acids, with the latter determining future diet.
Patients receive phenylalanine supplements when
levels of this amino acid are below reference con-
centrations for age. The main goal of nutritional
treatment is to maintain tyrosine plasma concen-
trations below 500 pmol/L.

14.4 Histopathological Findings
of Mexican Patients

with Hepatorenal
Tyrosinemia on Necropsy

and Biopsy

Six patients in our institution who died of hepa-
torenal tyrosinemia were autopsied. All showed
major hepatic and renal damage (Figs. 14.4-14.6),
similar to histopathological findings in other
studies (Perry 1967; Russo and O’Regan 1990;
Mitchell et al. 1995, 2001). Pancreatic alterations
were also documented, with the presence of pan-
creatic islet hypertrophy being the most common,
observed in all autopsied patients (Fig. 14.7);
acute pancreatitis was observed in one patient,
with HCC. Details are shown in Table 14.1.

We previously reported a diagnosis concor-
dance between hepatic biopsy and biochemical
results in 8 of 11 Mexican patients diagnosed with
hepatorenal tyrosinemia. Biopsies of very young
patients require more careful interpretation, as
initial histopathological findings of hepatorenal
tyrosinemia may be non-specific, including
cholestasis, giant cell transformation, fibrosis,
leukocyte infiltrates and hemosiderin deposits.
These findings may result in a misdiagnosis of
neonatal hemochromatosis, neonatal hepatitis or
Wilson’s disease (Fernandez-Lainez et al. 2014).

14.5 Challenges, Opportunities
and Perspectives

Hepatorenal tyrosinemia type 1 still shows a dev-
astating natural history in Mexican patients.
There is little knowledge of this disease, and even
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Fig. 14.3 Blood concentrations of (a) succinylacetone (SA) and (b) alpha-fetoprotein (AFP)

its birth prevalence in Mexico is unknown. It has
been estimated that this disease affects 1:100,000
newborns (Angileri et al. 2015). Thus, as 2.46
million babies are born annually (http:/www.
inegi.org.mx/lib/olap/consulta/general_ver4/
MDXQueryDatos.asp) in Mexico, at least 24 are

born with hepatorenal tyrosinemia each year.
Most of these infants are misdiagnosed, treated
inappropriately and die. Newborn screening pro-
grams, combined with greater availability of
NTBC and infant formulas containing low phe-
nylalanine and tyrosine concentrations, as well as
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Fig. 14.4 Macroscopical liver damage in hepatorenal tyrosinemia autopsies

Fig.14.5 The pathological liver spectrum of hepatorenal
tyrosinemia in autopsy specimens. Panel (a). Hepatitis
and steatosis. Panel (b). Micronodular cirrhosis. Panel (c).

proper monitoring, genetic counseling, and
adherence to international clinical practice guide-
lines can result in earlier detection, delay pro-
gression, and improve the quality of life of
patients. Sadly, none of our patients was screened
as a newborn for this disease. The current health
system in Mexico, as in other developing coun-
tries, is complex and fragmented, with wide
variations in practice (Vela-Amieva et al. 2009).
Although newborns have been screened in
Mexico since 1985, only screening for congenital
hypothyroidism was mandatory (Borrajo 2007).

Macronodular cirrhosis with typical hepatocellular carci-
noma lesions. Panel (d). Histologic section of hepatocar-
cinoma, hematoxylin-eosin staining

Recently the Mexican neonatal screening panel
has been expanded to include four other diseases:
phenylketonuria, congenital hyperplasia, galac-
tosemia and biotinidase deficiency. However,
except for some isolated states, like Tabasco,
Yucatan and Nuevo Leon, in which expanded
screening by MSMS is routinely performed for
all newborns, other metabolic diseases, such as
hepatorenal tyrosinemia, are screened only in pri-
vate laboratories by request (Therrell et al. 2015).

In addition to expanded screening programs and
treatment availability, the outcomes of patients with
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Fig. 14.7 Characteristic pancreatic islet hypertrophy in
hepatorrenal tirosinemia. Panel (a). Pancreas specimen
with marked hyperplasia and hypertrophy of the islets of

hepatorenal tyrosinemia in Mexico can be improved
by multidisciplinary teams. The information
expressed in this chapter is a call to action to pedia-
tricians, gastroenterologists, geneticists and other
health professionals, as well as to academic organi-

Langerhans, hematoxylin-eosin staining. Panel (b). Same
specimen with chromogranin technique that enhances
abnormal islets

zations, public health programs, policy makers and
patient advocacy groups. More attention must be
paid to this potentially deadly but eminently treat-
able condition, to reduce the gap in outcomes
between developing and developed countries.
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Table 14.1 Main histopathological findings on necroscopy of Mexican patients with hepatorenal tyrosinemia

Age Sex | Liver Renal Pancreas Other organs
9 months | M Micro and macronodular Tubulopathy with micro | Islet cell
cirrhosis vacuolar epithelium hyperplasia
degeneration; intersticial
nephritis; focal
glomerulosclerosis;
cholemic nephrosis;
bilateral nephromegaly
15 months | F Submasive necrosis with Tubulopathy calcinosis | Islet cell Cerebellum
centrelobulillar fibrosis; hyperplasia | granular necrosis®
extensive ductular proliferation
and hepatocellular focal
regeneration
Minimum cholestasis, focal
steatosis; hemorrhagic
perivenular necrosis with mixed
inflammation®
9 months |M Post-hepatic cirrhosis with giant | Tubulopathy; distal tube | Islet cell Cardiomegaly
cells dilatation hyperplasia | Cerebral atrophy
6 months | F Submasive necrosis Tubulopathy; cholemic Islet cell
nephrosis hyperplasia
9 years F Multinodular cirrhosis; dysplasia | Tubular necrosis; Acute focal | Pulmonar
Hepatocellular carcinoma; hepatocarcinoma pancreatitis | hepatocarcinoma
cholestasis metastasis metastasis
4 months |M Micronodular cirrhosis; steatosis | Tubulopathy Islet cell
Cholemic nephrosis hyperplasia

“These last findings were also compatible with toxic hepatitis secondary to anticonvulsants drugs
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Abstract

Hereditary tyrosinemia type 1 (HT1, OMIM 276700) is a rare autosomal
recessively inherited inborn error of metabolism in the tyrosine catabolic
pathway due to deficiency of the enzyme fumarylacetoacetate hydrolase.
The clinical features of HT1 are widely heterogenous even within the
same family members. Clinical features includes acute or chronic liver
disease with increased risk of hepatocellular carcinoma, hypophospha-
temic rickets due to renal tubular dysfunction, glomerulosclerosis, failure
to thrive, neurological porphyria-like crisis, hypertrophic cardiomyopathy
and hypoglycemia due to hyperinsulinism. Currently, the treatment in
HT1 consists of two principles: inhibition of the formation of toxic metab-
olites by nitisinone [2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-
cyclohexanedione; NTBC] and reduction of tyrosine levels by dietary
treatment. In this chapter besides presenting the data for 42 patients that
had been followed up by Pediatric Metabolic Diseases and Nutrition Unit,
Cerrahpasa Medical Faculty, Istanbul University, we also evaluated the
data abstracted from the previously published case studies in order to bet-
ter understand the disease course and gain further insight in the current
diagnosis and treatment for HT1 in Turkey.
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LDLT Living donor liver transplantation

MAA Maleyl acetoacetate

MRI Magnetic resonance imaging

NBS Newborn screening

OLT Orthotopic liver transplantation

PBGS Porphobilinogen synthase

SA Succinyacetone

SAA Succinylacetate

TAT Tyrosine aminotransferase

WISC-R  Wechsler Intelligence Scale for
Children-Revised

15.1 Introduction

Hereditary tyrosinemia type 1 (HT1, OMIM
276700) is a rare autosomal recessively inherited
inborn error of metabolism in the tyrosine cata-
bolic pathway due to deficiency of the enzyme
fumarylacetoacetate hydrolase (FAH)
(Chakrapani et al. 2012). FAH catalyzes the final
step in the tyrosine degradation and blockage
leads to accumulation of the upstream toxic
metabolites and their derivatives fumarylacetoac-
etate (FAA), maleylacetoacetate (MAA), succin-
ylacetoacetate (SAA) and succinylacetone (SA)
that are responsible for the tissue damage with
progressive hepatic, renal and neurological find-
ings (McKiernan et al. 2015; Jorquera and
Tanguay 2001; Tanguay et al. 1990; Sassa and
Kappas 1983). The human fah gene is mapped to
chromosome 15q. Overall 95 mutations have
been reported within the fah gene (Angileri et al.
2015) (and see Morrow et al., Chap. 3).

The clinical features of HT'1 are widely heter-
ogenous even within the same family members.
Three main clinical forms have been described
based on the age at symptom onset: the acute
form, which presents in the first 6 months of life;
the subacute form, presenting within 6 months
and 1 year of age; the chronic form, which
appears after the first year of age (van Spronsen
et al. 1994; Chakrapani et al. 2012). Clinical fea-
tures includes acute or chronic liver disease with
increased risk of hepatocellular carcinoma, hypo-
phosphatemic rickets due to renal tubular dys-
function, glomerulosclerosis, failure to thrive,

neurological porphyria-like crisis, hypertrophic
cardiomyopathy and hypoglycemia due to hyper-
insulinism (Chakrapani et al. 2012; Mitchell
et al. 1990; Mohamed et al. 2013; Arora et al.
2006; Baumann et al. 2005). Patients who sur-
vive beyond infancy can develop chronic renal
failure (Kvittingen et al. 1991).

Currently, the treatment in HT1 consists of
two principles: inhibition of the formation of
toxic metabolites by nitisinone [2-(2-nitro-4-
trifluoromethylbenzoyl)-1, 3-cyclohexanedione;
NTBC] and reduction of tyrosine levels by
dietary treatment (Holme and Lindstedt 1992).

Before the introduction of nitisinone, the natu-
ral history of the disease usually resulted in death.
The treatment consisted of symptomatic treat-
ment with tyrosine restricted diet until liver trans-
plantation. Low tyrosine (tyr) and phenylalanine
(phe) diet was not effective in the acute form and
had limited success in the chronic form, neither
did it prevent hepatocellular carcinoma (HCC)
(van Spronsen et al. 1994). The 1 year survival
rate was 38% when the smptoms started <2
months of age, 74% between 2 and 6 months of
age and 96% >6 months of age. The main causes
of death were liver failure, HCC and porphyria-
like neurological crises (van Spronsen et al.
1994).

Nitisinone is a potent inhibitor of
4-hydroxyphenylpyruvate dioxygenase
(Lindstedt et al. 1992) leading to the suppression
of MAA, FAA and SA accumulation and the
accumulation of tyrosine (Mckiernan 2006).
Nitisinone had significantly improved survival in
HTI1, with a clinical response of 90% and a
decrease in the risk of early development of HCC
in those who began treatment at an early age. The
maximal benefit of the drug is achieved when the
treatment is started in the early stages of life
(Holme and Lindstedt 1998; Lock et al. 1998;
Santra and Baumann 2008; Larochelle et al.
2012; Nakamura et al. 2015; Couce et al. 2011;
El-Karaksy et al. 2011; McKiernan et al. 2015).
Universal newborn screening (NBS) with SA
extracted from newborn dried blood spots, as a
biochemical marker, is feasible and has been
established in some countries. Early detection
with NBS can allow the treatment to be started
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before the development of clinical symptoms
(Larochelle et al. 2012; McKiernan et al. 2015).

In Turkey, where nationwide NBS for HT1 is
not mandatory, diagnosis still depends on clinical
suspicion and laboratory investigations. Pediatric
Metabolic Diseases and Nutrition Unit,
Cerrahpasa Medical Faculty, Istanbul University
is one of the first Metabolic Diseases Center in
Turkey initiating nitisinone therapy in HTI1
patients, since 1993.

In this chapter, besides presenting the data for
42 patients that had been followed up by Pediatric
Metabolic Diseases and Nutrition  Unit,
Cerrahpasa Medical Faculty, Istanbul University
we also evaluated the data abstracted from the
previously published case studies in order to bet-
ter understand the disease course and gain further
insight in the current diagnosis and treatment for
HTI in Turkey.

15.2 Methods

Information from the medical records of HT1
patients diagnosed at the Pediatric Metabolic
Diseases Unit of Cerrahpasa Medical Faculty,
Istanbul University between December 1993 and
May 2016 was collected and included detailed
history, family history including consanguinity
and siblings with HT1 or with suggestive symp-
toms, demographic information, gender, age at
first clinical symptom, age at diagnosis, clinical-
biochemical and radiological data. HT1 diagno-
sis based on either by presence of elevated SA in
urine/blood samples or mutation analysis. None
of the patients were screened at birth for HT1. All
patients were treated with a tyrosine and phenyl-
alanine restricted diet under the supervision of a
clinical dietician to maintain a plasma level
below 400 pmol/L as recommended. Forty
patients were treated with nitisinone according to
a standard protocol starting nitisinone at 1-2 mg/
kg/day, q.d. or b.i.d. at diagnosis. The nitisinone
dose was adjusted afterwards according to blood
nitisinone levels determined either by plasma or
dried blood samples. Plasma levels were consid-
ered adequate between 30 and 60 pmol/L. Two

patients were only treated with diet due to
unavailability of nitisinone.

For these 42 patients, clinical and biochemical
data at diagnosis and follow-up including liver
and renal functions, blood alpha-fetoprotein
(AFP), urine or blood SA, urine delta-
aminoalevulinic acid (5-ALA) (when available),
plasma Tyr levels, liver and renal imaging (by
ultrasound, CT or MRI) findings, growth param-
eters, compliance with the treatment, and adverse
effects were evaluated. If available, the histopath-
ological findings from the liver biopsies were
recorded.

15.2.1 Published Cases

The following terms were used to search for HT1
cases the PubMed database from 1966 to May
2016: Tyrosinemia type 1 or hereditary tyrosin-
emia type 1 or fumarylacetoacetate hydrolase
deficiency or hepatorenal tyrosinemia and
Turkish or Turkey with filters for case reports,
clinical trials, and review articles. The search
yielded 22 publications.

15.2.2 Statistical Analysis

Data are displayed as mean and standard devia-
tion and/or median and range for continuous vari-
ables and as frequency and percentage for
categorical variables. Non-parametric Mann—
Whitney U-test was used for abnormally distrib-
uted data. P-values <0.05 were considered
statistically significant.

15.2.3 Description of Clinical
Characteristics of Turkish
Patients with HT1

Information was collected on 112 patients with
HT1. Of these, 42 cases were followed by
Pediatric Metabolic Diseases Unit of Cerrahpasa
Medical Faculty, while information on 69 cases
was extracted from the literature.
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Forty-two HT'1 patients diagnosed at Pediatric
Metabolic Diseases Unit of Cerrahpasa Medical
Faculty, aged between 15 days and 100 months at
the time of diagnosis. Twenty-six were male and
16 were female. None of the patients was detected
by expanded newborn screening for HT1 but two
patients were diagnosed by selective screening in
the newborn period due to an affected sibling his-
tory. All patients were symptomatic at the age of
diagnosis, even diagnosed with selective screen-
ing. Mean age at onset of clinical symptoms was
8.8 months (range 0-54 months) and the mean
age at diagnosis was 18.1 months (range 0.43—
100 months). Fifteen of the 42 cases presented as
acute HT1, 13 with subacute HT1 and 14 with
chronic HT1. Very early onset of symptoms (<2
months of age) was detected in five patients. The
majority of the cases were male (62%). Clinical
diagnosis was based on presense of SA in urine/
blood samples for all cases. All but one patient
excreted SA in their urine at the time of diagno-
sis. One patient did not excrete SA in his urine
despite a mild increase in plasma SA level and
the diagnosis was made via mutation analysis
(c.1A > G/c. (1096-1098) del TCG, compound
heterozygous mutation). No enzymatic studies
were performed.

On family history, consanguinity was noted in
25 patients (59.5%). Prematurity was noted in six
patients without any other risk factor for prema-
ture labor. Three patients were noted to be large
for gestational age due to gestational diabetes
and one to be small for gestational age.

Table 15.1 Chief clinical symptoms at diagnosis

Complaints n (%)
Pallor 32 (76.2)
Anorexia 31 (73.8)
Abdominal distention 31 (73.8)
Irritability/abdominal pain 27 (64.3)
Abnormal urine odor 22 (52.4)
Growth retardation 17 (40.7)
Fever 13 (31)
Jaundice 11 (26.2)
Nasal bleeding 11 (26.2)
Hematemesis/melena 9(21.4)
Vomiting 7(16.7)
Diarrhea 4 (9.5)

Table 15.2 Main clinical manifestations at diagnosis

Clinical manifestations n (%)
Hepatomegaly 41 (97.6)
Splenomegaly 36 (87.5)
Abdominal distention 31 (73.8)
Anemia 32 (76.2)
Rickets 27 (64.3)
Ascites 17 (40.5)
Growth retardation 14 (33.3)
Jaundice 11 (26.2)
Epistaxis 11 (26.2)
Gastrointestinal bleeding 9(21.4)
Petechia/ecchymosis 5(12)
Lethargy 3(7.1)

The onset of clinical symptoms was at 2. +
1.2,4.2 = 2.7 and 20.4 = 16.2 months in acute,
subacute and chronic HT1 patients, respectively.
The median interval between the first complaints
and diagnosis was 1.3 months (range, 0-3.1) in
acute, 5.3 months (range 0.5-11) in subacute and
21.5 months (range, 1-67) in chronic HT1. The
main clinical manifestations at diagnosis were
hepatomegaly (97.6%), splenomegaly (87.5%),
hepatic dysfunction (82%) and renal tubular dys-
function (59.5%) (Tables 15.1 and 15.2). On ini-
tial anthropometric evaluation six patients were
found to be <2 SD for weight and five were <2
SD for length. Biochemical parameters at diag-
nosis revealed a marked increase in alpha-
fetoprotein (AFP) level for all ages, with a high
variability (between 35 and 624,000 ng/ml). AFP
level of chronic HT1 patients was significantly
lower than the acute and subacute HT1 patients
(P < 0.0001 and P < 0.0001, respectively).
Plasma tyrosine, phenylalanine and methionine
levels were all increased (Table 15.3), while
erythrocyte porphobilinogen synthase (ePBGS)
was markedly decreased. Altered coagulation
parameters due to hepatic dysfunction were
observed all but four patients of 42 patients
(90%).

Tubulopathy was detected 36/42 (85%) of
patients with one or more components such as
generalized aminoaciduria, metabolic acidosis,
proteinuria, glucosuria and hypophosphatemic
rickets of varying severity. Urinary phospahte
results were available for 13 patients and 12 had
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Table 15.3 Biochemical parameters at diagnosis

Parameter Normal n Mean Range SD
Plasma
AFP (ng/ml) <13 42 99,222 35-624,000 137,647
ALT (IU/L) 0-40 41 34.2 11-102 21.2
AST (IU/L) 0-40 41 70.7 25-186 31.7
GGT(IU/L) 3-25 40 119.8 19-341 80.6
Total bilirubin (mg/dl) 36 1.97 0.41-6.10 1.27
Direct bilirubin (mg/ 36 0.99 0.06-3.3 0.8
dl)
Ca (mg/dl) 8.4-10.8 40 9.08 7.51-11.1 0.87
P (mg/dl) 2.7-5.5 40 2.99 1.2-6.1 1.29
ALP (IU/L) 60-525 41 1407 170-4430 1062.9
Total protein (g/dL) 5.6-8 39 5.64 34-8.3 1.17
Albumin (g/dL) 32-54 39 3.31 1.9-4.7 0.76
Hemoglobin (g/dL) 40 9.75 6.4-19 2.27
Thrombocyte (/mm?) 150,000—400,000 40 129,025 33,000- 82349
577,000
Coagulation
PT (s) 10.4-14 40 31.2 13.3-70 15.5
PT activity (%) 70-130 40 36.2 11.34-90 214
INR 0.85-1.15 40 2.74 1.05-6.15 1.38
aPTT (s) 26-40.8 40 66.88 29.9-144 28.8
Plasma
Tyr (pmol/L) 50-130 40 410.7 23-1095 286.1
Phe (pmol/L) 40-120 40 133.2 15-415 99.9
Met (pmol/L) 20-50 40 368.9 13.3-1590 381.9
ePBGS (nkat/g Hb) 0.58-1.25 17 0.071 0.00-0.32 0.10
SAp <0.1 20 35.5 0.73-136 33.23
Urine
SA (mmol/mol <1 19 503.3 1.40-1800 560.3
creatinin)
DALA (mmol/mol 0-3 16 123.6 11-350 11.7
creatinin)
SA (qualitative) Undetectable 42 Increased

AFP o-fetoprotein, ALP alkaline phosphatase, ALT alanine transaminase, aP77T activated partial thromboplastin time,
AST Aspartate transaminase, Ca calcium, DALA §-aminolevulinic acid, ePBGS erythrocyte porphobilinogen synthase,
GGT y-glutamine transaminase, /NR international normalized ratio, Met methionine, P phosphorus, Phe phenylalanine,
PT prothrombin time, SA succinylacetone, SAp plasma succinylacetone, Tyr tyrosine

abnormal tubulary phosphate excretion. Clinical,
radiological and biochemical rickets was detected
in 27 patients (64.3%). Hypoglycemia was
detected in 11 patients, two were hyperinsulin-
emic and required temporary slow rate i.v. dex-
trose infusion. Hepatic ultrasonography showed
hepatomegaly in 40 children and liver nodules in
28 (66.7%). Multiple hypoechoic nodules were
detected in 20 and hyperechoic nodules were
detected in 21 patients. Five patients had mac-

ronodular appearance detected either on ultraso-
nography or MRI. Increase in renal echogenity
was detected on renal ultrasonography in 24 chil-
dren and nephrocalcinosis was detected in five
children on presentation. Liver biopsy was per-
formed in 13 children and all had active cirrhosis
and one also had hepatic macrovesicular steato-
sis. None of the 15 patients with initial echocar-
diography, had restrictive cardiomyopathy. One
had mild interventricular septal hypertrophy and
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mild mitral insufficiency, one had small ventricu-
lar defect, one had secundum atrial septal defect
and one had patent foramen ovale and mild pul-
monary stenosis.

Information on 69 cases extracted from the lit-
erature regarding the age of diagnosis (43/69)
yielded a mean age at the diagnosis of 15.3
months (range 0,06-108 months (Dursun et al.
2011; Coskun et al. 1991; Bay et al. 2012; Yagci
etal. 2015; Onenli Mungan et al. 2016). Diagnosis
was based on the presence of SA in urine. Five
patients had additional confirmatory enzyme
analysis in fibroblasts and 44 had mutation analy-
sis. One patient did not excrete SA in his urine
and the diagnosis was made via mutation analysis
(Dursun et al. 2011). Two cases were detected by
selective newborn screening and five cases were
detected by selective screening, because of an
affected sibling. The average age at diagnosis
was 10.5 months (range 1-45 months) in those
diagnosed via selective screening (Dursun et al.
2011; Onenli Mungan et al. 2016; Rootwelt et al.
1994).

Data was available for 48 patients regarding
the distribution of HT1 subtype; 24 of the cases
were acute HT1 (34.8%), 8 were subacute
(11.6%) and 14 (20.3%) were chronic. Very early
onset of symptoms (<2 months) was noted in two
cases. Information regarding the sex of the
patients was available in 29/69 cases and most
majority was female (17/29; 58%) (Coskun et al.
1991; Sener 20054, b; Yagci et al. 2015; Onenli
Mungan et al. 2016).

Abdominal distention (30/44), hepatomegaly
(30/44), splenomegaly (13/44), failure to thrive
(15/43), rachitis (15/43), irritability (5/34),
abdominal distention (30/44), diarrhea (9/44),
polyuria-polydipsia (6/44), vomitting (4/44),
melena (5/44), ascites (9/43), intermittent hyper-
tension (3/44), and jaundice (2/44) were the most
common symptoms and disease manifestations
described in Turkish HT1 patients in the litera-
ture (Coskun et al. 1991; Dursun et al. 2011; Bay
et al. 2012; Onenli Mungan et al. 2016).

In the group of patients (35/69) with plasma
tyrosine level reported, the level ranged between
143 and 1385 pmol/L. Data was available for 26
patients regarding AFP level at diagnosis that

revealed a marked increase with a wide variabil-
ity (37-855,000 ng/ml), for 42 patients regarding
ALT and AST (10-144 and 13-312 IU/L, respec-
tively). Altered coagulation parameters due to
hepatic dysfunction were observed all but four
patients of 31 patients reported (87%) (Coskun
etal. 1991; Dursun et al. 2011; Bay et al. 2012).

In the group of patients with mutational analy-
sis (40/69), we found 12 different mutations. In
accordance with the literature the most common
mutation was IVS6-1G>T (26%) followed up by
D233V (22%), and 1VS3-3C>G (10%) muta-
tions. Eight patients were homozygous for IVS6-
1G>T mutation. IVS12+5G>A (three patients),
V166G (two patients), R237X (two patients),
IVS9+2T>C (two patients) c.191delA (one
patient), c.(440-441) del8nt (one patient), R174X
(one patient), N232K(one patient), N334Tfsx
(one patient), V259D (one patient), A134D (one
patient) mutations were also described in Turkish
patients (Rootwelt et al. 1994, 1996; Dursun
et al. 2011; Onenli Mungan et al. 2016).

15.2.3.1 Adherence to Therapy

Among 42 patients followed in our clinic only
two patients were treated only with low tyrosine
and phenylalanine diet. Although the dietary
compliance was good, patients died due to severe
hepatic dysfunction and massive gastrointestinal
bleeding. The average time for the rest of the 40
patients in treatment was 70.4 months (range,
2-255 months) with a median of 128 months.
During this period, dietary compliance was good
in 13 patients (Tyr <400 pmol/L), moderate in 13
patients (Tyr 400-600 pmol/L) and poor in 16
patients (Tyr >400 pmol/L). No information
about the dietary compliance was available in the
published cases, except one with corneal pseudo-
dendritic lesions with a plasma Tyr level of 840
pmol/L (Gulmez Sevim et al. 2015).

15.2.3.2 Response to Nitisinone
Treatment

In our patient’s group, nitisinone treatment was

started at <6 months of age in 16 patients

(38.1%), 7-12 months in nine patients (21.4%),

13-24 months in four patients (9.5%) and after

24 months in 11 patients (26.2%). The mean
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interval between diagnosis and nitisinone treat-
ment was 18 days (range, 0-120 days). Long-
term follow up of the patients was carried out for
a mean period of 70.5 months (range 2-255
months).

The mean dose of nitisinone was 1.2 mg/kg/
day (range 0.6-2 mg/kg/day) with an average
plasma level of 41 pmol/L. The dose was adjusted
according to the plasma nitisinone level that was
considered to be adequate, between 30 and 60
pmol/L. No urinary SA excretion was detected
under nitisinone treatment, but interruption of the
treatment led to re-excretion.

Adherence to nitisinone therapy was very
good in all 42 patients except two chronic HT1
patients. Good metabolic control was achieved in
35/40 patients with normalization of the hypo-

prothrombinemia and decrease in AFP. Despite
good adherence to therapy, four patients did not
respond to nitisinone treatment; one subacute
HT1 patient died due to severe hepatic dysfunc-
tion (patient S1, Table 15.4), one chronic HT1
patient died due to hepatic dysfunction and vari-
ceal bleeding as a result of portal hypertension
(patient C5), and one subacute patient had a suc-
cesfull liver transplant at 16 months of age
(patient S7). One chronic HT'1 patient was under
evaluation for LT due to partial response and
HCC suspicion at the time of writing.

Among 36 patients who had been followed for
>48 months, AFP normalized (<13 pg/L) in 7/24
(29.1%) within the first year of therapy, in 11/24
(45.9%) at 12-24 months, and in 6/24 (25%) at
25-48 months of therapy.

Table 15.4 Cause of death in hereditary tyrosimenia type 1 patients

Length of follow-up
Patient no | HT1 subtype | Treatment (months) Cause of death
Al Acute Nitisinone+low 5.65 Septic shock
tyr+Phe diet
A2 Acute Nitisinone+low 10 Aspiration pneumonia
tyr+Phe diet
S1 Subacute Nitisinone+low 2.7 Non-responder; hepatic insufficiency
tyr+Phe diet with increasing jaundice and intractable
coagulopathy despite 5 months of
therapy
S2 Subacute Nitisinone+low 12 Hepatocellular carcinoma
tyr+Phe diet
S3 Subacute Low tyr+Phe diet 2 Massive bleeding due to hepatic
insufficiency
S4 Subacute Nitisinone+low 12 Porphyria like attack during interruption
tyr+Phe diet of treatment
S5 Subacute Nitisinone+low 46 Acute liver rejection after LDLT due to
tyr+Phe diet hepatocellular carcinoma
Cl Chronic Low tyr+Phe diet 2 Hepatic insufficiency and massive
esophageal variceal bleeding
Cc2 Chronic Nitisinone+low 12 Hepatic insufficiency and massive
tyr+Phe diet esophageal variceal bleeding after
permanent cessation of NTBC treatment
(parents’ decision)
C4 Chronic Nitisinone+low 55 Hepatocellular carcinoma after
tyr+Phe diet permanent cessation of NTBC treatment
(parents’ decision)
C5 Chronic Nitisinone+low 2.2 Hepatic insufficiency and massive
tyr+Phe diet esophageal variceal bleeding (partial
responder)
C6 Chronic Nitisinone+low 4 Metastatic hepatocellular carcinoma
tyr+Phe diet

HTI hereditary tyrosimenia type 1
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Six patients (three subacute and three chronic
HT1 patients) had persistent high AFP with nor-
mal liver function tests despite nitisinone treat-
ment. All were diagnosed with hepatocellular
carcinoma or hepatic adenoma. One subacute
HT1 patient died during follow up (patient S2;
Table 15.4), five had liver transplantation (patient
S5, S7, C3, C7 and C10).

Secondary increase in AFP after normalisa-
tion was also detected in five patients (one acute,
two subacute, two chronic). Two patients
responded to increase of nitisinone dose (The
acute and subacute HT1 patient) while two
patients did not (patient S6 and C3, Table 15.5)
and both were liver transplanted (both patients
were proved to have HCC) After termination of
nitisinone treatment patient C4 (Table 15.4) died
due to hepatocellular carcinoma, despite normal-
ization of AFP level while under nitisinone treat-
ment. None of the patients with HCC had normal
plasma AFP level.

Eight patients underwent liver transplantation,
all living donor liver transplantations (LDLT)
(Table 15.5). The median age at transplantation
was 81.8 months (range, 16—172 months) and the
median age of treatment at the time of transplan-
tation was 52.1 months (range, 4-159 months).
Suspected HCC with normal liver function tests
was the reason for LDLT in two subacute (patients
S6 and S5) and three chronic HT1 patients
(patients C3, C7 and C10). Non-compliance with
both nitisinone and dietary treatment along with
HCC suspicion was the reason for LDLT in
patient C3. He had neither maintained adequate
nitisinone nor Tyr (4.7 pmol/L and 567 pmol/L,
respectively). Serious difficulty in adherence to
dietary treatment was the reason LDLT for two
chronic HT'1 patients (patient C8 and C9); both
maintained adequate nitisinone level (54.7 and
79.1 pmol/L, respectively) but had high plasma
Tyr concentration (430 and 693 pmol/L, respec-
tively). Hepatocellular carcinoma was detected
incidentally in one subacute HT1 patient who
underwent liver transplantation due to partial
respons to nitisinone therapy with high alpha
fetoprotein level and slight increase in PT and
aPTT time. All patients but one are alive after
liver transplantation (Table 15.5).

Hepacellular carcinoma was reported in 7/32
of patients reported by Dursun et al. (2011). All
of these patients were reported to be treated irreg-
ularly and inadequetely with nitisinone and there
was no data available concerning nitisinone
plasma levels or urinary SA excretion. Among
these seven patients five who carried N232K,
D233V, V259D and IVS3-3C>G mutations
developed liver cancer between 10 and 12 years
of age. On patient with [IVS6-1G>T mutation had
normal AFP level although histological test
results of liver tissue was compatible with
neoplasm.

None of the 36 patients in our cohort with
tubulopathy had glomerular involvement, nor
developed renal insufficiency. Two patients
required temporary supplementation of bicarbon-
ates. Rickets was cured in all 27 patients. No data
was available about the renal tubular or glomeru-
lar functions in the other published Turkish cases
treated with nitisinone.

No porphyria-like neurologic crisis was
detected under regular nitisinone treatment in our
patients’ group. Dursun et al. also reported disap-
pearance of neurologic crisis after nitisinone
treatment (Dursun et al. 2011). But interrupted
nitisinone treatment for approximately 8 months
resulted in death due to severe polyneuropathy
with phrenic paresis and respiratory insufficiency
in one subacute HT1 patient (S4), and severe
abdominal pain due to porphyria-like attack for 2
and 3 months of interruption, respectively, in two
of our subacute HT1 patients. Onenli Mungan
et al. also reported a 9 months old patient with
HT1 detected by selective newborn screening
represented with neurologic crisis after 1 month
discontinuation of nitisinone (Onenli Mungan
et al. 2016).

The only patient with left ventricular septal
hypertrophy in our patients’ group responded
well to nitisinone therapy with disappearance
of the hypertrophy. Cardiomyopathy was not
reported during the treatment. Dursun et al.
also reported reversal of restrictive cardiomy-
opathy under nitisinone therapy (Dursun et al.
2011).

Height and weight development normalized in
all but two patients who remained at <2 SDS for
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Table 15.5 Hepatic transplantation in hereditary tyrosimenia type 1 patients

Time
between
diagnosis
and
Patient Age at treatment Age at LT | Type of
no HT1 subtype| diagnosis (months) Reason for LT | (months) | LT Result
S5 Subacute 9 0 Suspicion of 55 LDLT Died (acute liver
HCC rejection) (HCC was
detected at
transplantation)
S6 Subacute 12 26 Suspicion of 172 LDLT Alive (HCC was
HCC detected at
transplantation)
S7 Subacute 9 0 Partial 16 LDLT Alive (HCC was
responder detected at
transplantation)
C3 Chronic 27 30 Non- 90 LDLT Alive (HCC was
compliance detected at
with the transplantation)
treatment and
suspicion of
HCC
C7 Chronic 50 57 Suspicion of 132 LDLT Alive (Hepatic
HCC dysplasia detected at
transplantation)
C8 Chronic 30 15 Non- 52 LDLT Alive
compliance
with dietary
treatment
c9 Chronic 39 90 Non- 91 LDLT Alive
compliance
with the
dietary
treatment
C10 Chronic 43 1 Suspicion of 47 LDLT Alive (HCC was
HCC detected at
transplantation)

LT liver transplantation, LDLT living donor liver transplantation

height and five remained at <2 SDS for weight in
our patients’ group.

Overall, the primary causes of death in patients
with HT1 patients under nitisinone therapy are
hepatocellular carcinoma (three patients; patient
S2, C4 and C6), hepatic insufficiency (patient S1,
patient Cl), cirrhosis and variceal bleeding
(patient CS5), porphyria like attack (patient S4),
acute rejection after liver transplantation (patient
S5), sepsis (patient Al), aspiration pneumonia
(patient A2) (Table 15.4). Both patients who were
only treated with low tyrosine and phenylalanine
diet, died due to hepatic insufficiency.

Among 34 Turkish patients under treatment
with nitisinone therapy, one died after liver trans-
plantation, one due to hepatocellular carcinoma,
one due to porphyria like neurologic crisis due to
discontinuation of therapy (Dursun et al. 2011;
Onenli Mungan et al. 2016). No etiology was
reported in five patients that died on the follow-
up (Dursun et al. 2011).

15.2.3.3 Adverse Effects of Nitisinone

No adverse effect required interruption of nitisi-
none treatment. Two patients in our patients’
group complained of foreign body sensation in
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the eyes at plasma tyrosine concentration 865 and
1290 pmol/L with subepithelial corneal opaci-
ties. Eye symptoms resolved with strict adher-
ence to diet and decrease of plasma tyrosine <400
pmol/L. No cutaneous lesions were detected.
Two patients had transient leukopenia and two
had transient thrombopenia without clinical
consequences.

No adverse effect of nitisinone was reported
on 69 cases extracted from the literature except
one patient who presented with corneal pseudo-
dentritic lesions due to increase in plasma tyro-
sine level and responded to strict compliance to
the dietary treatment at a 4 week follow-up
(Gulmez Sevim et al. 2015).

Eleven patients in our patients’ group had cog-
nitive evaluation: two undertook the age-
appropriate Wechsler Scale 1Q test (WISC-R;
Wechsler Intelligence Scale for Children for age
7-17 years), eight were assessed with the
Stanford-Binet Intelligence Scale, and one was
assessed with the Cattell Culture Fair Intelligence
Test. The mean total IQ was 85 (range 50-115).
Low IQ score was associated with special educa-
tion attendance. WISC-R was repeated at a 1 year
and 7 months interval in one patient and Stanford-
Binet IQ test was repeated at a 3 year interval in
one patient. Both revealed a decline from 74 to
73 and 91 to 88, respectively. Two patients were
assessed with both Stanford-Binet Intelligence
Scale and WISC-R at a 3 year interval, which
revelead a decline from 95 to 84 and 104 to 100,
respectively. Eleven patients were evaluated with
the Denver II test. The mean total score was 92
(range, 70-100).

15.3 Discussion

This case series represents the largest analysis
of data and longterm outcome of HT1 patients
in Turkey. Turkey, with a high rate of consan-
guineous marriages, has a high estimated prev-
elence of inborn errors of metabolism (Ozalp
et al. 1990; Tuncbilek and Ozguc 2007). HT1
has a birth incidence of approximately 1 in
100,000 in most countries but the exact inci-
dence of HTI in Turkey is still unknown.

Consanguinity was noted in 25/42 of our
patients (59.5%).

Diagnosis still depends on the clinical suspi-
cion and laboratory investigations as HT'1 is not a
part of the nationwide screening program, in
Turkey. None of the patients was detected by
expanded newborn screening for HT1 but two
patients were diagnosed by selective newborn
screening in the first week of life, due to an
affected sibling history (Aktuglu Zeybek et al.
2015; Dursun et al. 2011; Onenli Mungan et al.
2016). Anorexia, pallor, abdominal distension,
irritability with abdominal pain were the most
common complaints detected in our patients’
group. Interestingly babies were most commonly
diagnosed with infantile colic at the onset of
symptoms. Due to severity of the disease the
interval between the onset of clinical symptoms
is shortest in acute HT1 patients an longest in the
chronic HT1 patients. In all patients reported the
initial clinical manifestations ranged from
asymptomatic hepatomegaly to severe hepatic
insufficiency. Rickets, splenomegaly, diarrhea
and anemia were the other most common clinical
findings. Neurologic crisis with porphyria like
symptoms and restrictive cardiomyopathy was
rarely reported but both responded to nitisinone
therapy (Coskun et al. 1991; Dursun et al. 2011;
Onenli Mungan et al. 2016).

Laboratory diagnosis of HT'1 depends on uri-
nary excretion of SA and mutation analysis. As
plasma tyrosine that may not always be elevated
is not recommended for diagnosis and newborn
screening (Dhillon et al. 2011; Morrissey et al.
2011; Zytkovicz et al. 2013). Mild increase in
ALT, AST and ALP with hepatic synthesis dys-
functions and elevated AFP are usually the most
common laboratory findings in Turkish HT1
patients as reported in the literature (Coskun
et al. 1991; Dursun et al. 2011; Bay et al. 2012).
The laboratory findings were most striking in
acute and subacute HT1 patients.

All Turkish patients reported, excreted SA in
their urine except one in our group and one that
was reported by Dursun et al. (2011). Detection
of increased plasma SA and mutation analysis
confirmed the diagnosis in these patients. This
finding has previously reported in the literature
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(Haagen and Duran 1987; Rinaldo et al. 2006;
Cassiman et al. 2009; Blackburn et al. 2016).
Haagen and Duran (1987) proved that this find-
ing was due to the low sensitivity of the test
method used, but Cassiman et al. (2009) consid-
ered that this finding might be due to the residual
activity of the FAH enzyme and Blackburn et al.
(2016) hypothesized that the p.R142G variant
can bind and catabolize SAA efficiently, result-
ing in undetectable levels of SA. Collecting a 24
h urine sample (all urine portions freezed at —20
°C, separetely) might also increase the chance for
SA detection in urine samples where plasma SA
and mutation analysis is not available (Aktuglu
Zeybek et al. 2015). No significant difference in
urinary SA excretion was noted between acute,
subacute and chronic HT1 patients.

The tyrosine and phenylalanine restricted diet
alone was not effective in HT'1 treatment (Coskun
et al. 1991). Most common complications in
untreated patients are hepatic failure, cirrhosis
and hepatocellular carcinoma (Coskun et al.
1991; van Spronsen et al. 1994). Nitisinone has
significantly improved survival and quality of life
of Turkish HT1 patients, as reported in the litera-
ture (Lindstedt et al. 1992; Dursun et al. 2011;
Masurel-Paulet et al. 2008; Aktuglu Zeybek et al.
2015; Simoncelli et al. 2015; McKiernan 2006,
McKiernan et al. 2015). The recommended ini-
tial nitisinone dose ranges from 1 to 2 mg/kg/day,
in one or two doses (Jenkins 2002; Roth 2007).
Afterwards, the dose must be adjusted according
to the plasma nitisinone level that is estimated to
be sufficient to eleminate SA excretion (Counce
2011; El-Karaksy et al. 2010; Masurel-Paulet
et al. 2008). Initial nitisinone dose ranged from
0.6 to 2 mg/kg/day given in two divided doses in
our patients group. On the follow up, the mean
nitisinone dose was 1.2 mg/kg/day, which was
slightly higher than the recommended dose, 1
mg/kg/day (El-Karaksy 2011; Couce 2011). The
mean nitisinone blood level on the follow-up was
39 pmol/L and was sufficient to eliminate SA
excretion (Masurel-Paulet et al. 2008; El-Karaksy
et al. 2011; Couce 2011).

Despite its effectiveness, still some patients do
not (nonresponder) or partially respond to treat-
ment (partial responder). No predictive factors

have been identified for this lack of response (van
Spronsen et al. 1994). Holme and Lindstedt
(2000) described improvement in liver functions
in 90% of cases treated with nitisinone before 6
months of age, but eight patients did not respond
to treatment. One subacute HT1 patient in our
group was found to be nonresponder to nitisinone
treatment. The subacute HT1 patient (patient S1)
was diagnosed at 8 months of age: although he
was treated with nitisinone (2 mg/kg/day), he
died due to progressive hepatic insufficiency in
the second month of treatment (Table 15.4). Two
patients (one subacute and one chronic HT1
patient) had partial response to nitisinone treat-
ment with partial recovery in the coagulation pro-
file, and were under evaluation for LT. The
chronic HT1 patient (Patient C5) was diagnosed
at 29 months of age and despite nitisinone treat-
ment, the patient died at 10 months of treatment
due to progressive cirrhosis and massive esopha-
geal variceal bleeding. The subacute HT1 patient
underwent succefull living donor liver transplan-
tation (Table 15.5, patient S7). Unresponsiveness
to nitisinone has already been reported but still
the reasons for lack of response have not been
clearly identified (van Spronsen et al. 1994)
Methionine level can be an indicator for non/par-
tial response. There was no significant difference
in plasma methionine level between responders
(mean, 356.3 pmol/L; range, 13.3—1590 pmol/L)
and non/partial-responders in our patients group
at presentation (mean, 465 pmol/L; range,
70-820 pmol/L) but the increased methionine did
not decrease to normal (20-50 pmol/L) despite
maintenance of adequate nitisinone and tyrosine.
There was a significant difference between both
groups during follow up: mean plasma methio-
nine was 15.9 pmol/L (range, 12-39 pmol/L) in
responders, while it was 265 pmol/L (range,
79—470 pmol/L) in non/partial-responders (P <
0.001). No further data was available regarding
responsiveness and non/partial responsiveness in
Turkish HT'1 patients.

Although nitisinone had significantly improved
survival in both our cohort and in Turkish patients
described in the literature, the overall survival rate
of the 40 patients treated with nitisinone was 75%
(30/40) and 88% (22/24), respectively. This rate is
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higher than in pre-nitisinone reports (van Spronsen
et al. 1994). Still, the survival rate in the present
cohort was lower than in the French, Spanish and
Quebec series, with rates of 97.8%, 100%, 96%,
respectively (Masurel-Paulet et al. 2008; Couce
et al. 2011; Larochelle et al. 2012). The most
striking difference between the present study and
these studies was that nitisinone treatment was
initiated after 6 months of age in 69% of the pres-
ent patients and 60.6% of Turkish patients
described (Dursun et al. 2011; Bay et al. 2012;
Onenli Mungan et al. 2016). Temporary interrup-
tion of the treatment due to various reasons (e.g.
health insurance problems) was common, leading
to irregular and inadequate treatment with nitisi-
none. Permanent interruption of nitisinone treat-
ment resulted in death in four patients. One patient
died due to HCC, one patient due to hepatic insuf-
ficiency and two due to porphyria-like neurologic
crisis. Although latest data suggest that early
nitisinone treatment is the key factor in the good
outcome of the neonatally treated patients, and
that a combination of neonatal screening and
early nitisinone treatment is recommended, even
in early diagnosis patients, drug interruption can
lead to increased mortality rate, especially due to
HCC (Larochelle et al. 2012; Morrissey et al.
2011; Zytkovicz et al. 2013).

Liver cancer has been reported as an important
risk for patients with HT1 treated with nitisinone
(Holme and Lindstedt 1998; Seda Neto et al.
2014; Bahador et al. 2015). Development of HCC
is the main risk for patients with the chronic form
or who have been treated with nitisinone after 2
years of age (Holme and Lindstedt 2000; van
Spronsen et al. 2005). The patients with persis-
tent high AFP and/or has a slow AFP decline
without reaching to normal are under particular
risk (Koelink et al. 2006; Larochelle et al. 2012;
Mayorandan et al. 2014). All six patients in our
study group with persistent high AFP along with
normal liver function tests are proved to have
hepatocellular carcinoma. Secondary AFP
increase was detected in four patients: two
responded to dose increase while two patients did
not and HCC was detected at liver transplanta-
tion. The present data support the findings of pre-
vious reports (Koelink et al. 2006; Larochelle

et al. 2012). Close follow up of serum AFP, even
of minor changes, is important for early detection
of HCC and hepatocellular dysplasia especially
in late-diagnosed patients. Also, disruption of the
hepatic architecture was a common finding along
with nodularity even at the time of presentation,
especially in late diagnosed patients. Nitisinone
treatment was not effective in complete reversion
of the hepatic lesions and normalization of the
architecture, except in two patients. De novo
hyperechoic and hypoechoic nodule formation
were also detected despite nitisinone treatment
without increase in AFP. As all of our patients
with HCC had hypoechoic nodules detected on
ultrasound, although malign transformation was
not definitely proven on abdominal MRI
hypoechoic de novo nodule formation should
always be an alert for HCC as HCC has been
reported in HT1 patients without clear increase
of AFP (van Ginkel et al. 2015).

Renal tubular dysfunction with increased
echogenicity was common in the present patients,
as previously described (Couce et al. 2011;
Mayorandan et al. 2014).

The findings resolved with nitisinone treatment
although asymptomatic nephrocalcinosis persisted
in 5/5 patients. None of the patients developed
renal insufficiency during nitisinone treatment.

Episodes of acute neuropathy that clinically
resemble porphyric crises occur in up to 50% of
untreated children (Mitchell et al. 1990; van
Spronsen et al. 1994). Succinylacetone acts as a
competitive inhibitor of the enzyme delta ami-
nolevulinic acid dehydratase in the haem biosyn-
thetic pathway. This enzymatic block leads to
increase in delta aminolevulinic acid and
PBG. Neurological crises in HT1 are identical to
those occurring in porphyria and lead poisoning,
in which delta aminolevulinic acid is also
increased (Russo et al. 2001). The mortality is up
to 65% if left untreated (Chakrapani et al. 2012).
Normalization of SA in blood, correction of the
complete inhibition of PBGS in erythrocytes dur-
ing nitisinone treatment protects against por-
phyric crisis (Lindstedt et al. 1992). Schlump
et al. reported that interruption of nitisinone treat-
ment can cause severe neurological crisis in
patients with HT1 (Schlump et al. 2008). In the
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present cohort, interrupted nitisinone treatment
resulted in porphyria-like attacks in three patients,
and death in one patient due to respiratory insuf-
ficiency. Kalkanoglu and Ucar reported two
Turkish HT'1 cases of acute pancreatitis mimick-
ing neurologic crisis due to discontinuation of
nitisinone treatment (Kalkanoglu and Coskun
1999; Ucar et al. 2016), resolved after continua-
tion of nitisinone. Onenli Mungan also reported a
case with severe neurologic crisis after discon-
tinuation of nitisinone only for a month (Onenli
Mungan et al. 2016).

Cardiomyopathy has been reported as a fre-
quent finding in HT1 (André et al. 2005; Arora
et al. 2006; Mohamed et al. 2013; Seda Neto
et al. 2014). Neither the mechanism nor the natu-
ral history of this complication is understood. It
is suggested that the cardiomyopathy may be due
to direct cardiotoxicity of circulating Tyr metabo-
lites during a critical period of vulnerability, and
nitisinone reduces the level of these metabolites
(Arora et al. 2006). We had only one patient with
septal hypertrophy and Dursun reported one
patient, both responded to nitisinone therapy.

Compliance with low Tyr low Phe diet is chal-
lenging in the follow-up of patients with HT1.
The recommended level of Tyr, 200-400 pmol/L,
is difficult to achieve. Noncompliance increases
as the child grew older. Even patients with good
and moderate compliance had periods of bad
control. The serious dietary non-compliance
problems led two patients to prefer LDLT in our
group.

Variation of plasma tyrosine seems to be an
important pathogenic factor in abnormal intellec-
tual development and attention disorder in HT1
patients under long-term treatment with nitisi-
none (De Laet et al. 2011; Bendadi et al. 2014;
Pohorecka et al. 2012; van Ginkel et al. 2015).
Mouse model studies revealed that lower learn-
ing and cognitive differences caused by tyrosin-
emia type 1 and not by the treatment with NTBC
(Hillgartner et al. 2016).

Eleven patients had cognitive evaluation and
the mean total IQ was 85 (range, 50-115). Low
1Q score was associated with special education.
Repeated 1Q evaluation revealed a decline in
average 1Q score in all four patients. These find-

ings were consistent with recent studies (De Laet
et al. 2011; Bendadi et al. 2014; Pohorecka et al.
2012; van Ginkel et al. 2015). Attention deficit
and learning difficulties were also common, but
behavior was not evaluated in the present cohort.
Although exact mechanism for intellectual
impairment still remains unknown it is hypothe-
sized that elevated plasma tyrosine concentra-
tions under NTBC treatment may be associated
with neurocognitive functioning (van Ginkel
et al. 2015). Mouse models revealed that tyrosin-
emia type I and Not treatment with NTBC causes
slower learning and altered behaviour in mice
(Hillgartner et al. 2016).

Genetic data documents obtained from the lit-
erature revealed the most prevelant mutation in
Turkish patients were homozygosity for IVS6-
1G>T (26%) followed up by D233V (22%). IVS6-
1G>T has previously been reported as the most
common mutation in Mediterranean populations
(Bergman et al. 1998; Couce et al. 2011; Dursun
et al. 2011; Mayorandan et al. 2014; Angileri et al.
2015). D233V which was the second most com-
mon seen mutation is specific to Turkish popula-
tion (Dursun et al. 2011; Rootwelt et al. 1994,
1996). IVS12+5G>A was detected in three
patients (Rootwelt et al. 1994; Dursun et al. 2011).
V166G and V259D mutations, probably causing
dysfunction via misfolding, was reported in three
Turkish patients (Dursun et al. 2011). No clear
genotype/phenotype correlation was found for the
most common mutations (IVS6-1G>T, D233V,
IVS3-3C>G) (Bergman et al. 1998; Dursun et al.
2011), although Counce reported that hepatic pre-
sentation was more common and the renal involve-
ment less frequent in HT1 patients carrying
IVS6-1G>T mutation than in patients with other
mutations (Counce et al. 2011).

15.4 Conclusion

Nitisinone treatment is effective and improves
both the short-term and the long-term prognosis
of HT1. Still, early diagnosis on newborn screen-
ing is needed because late diagnosis along with
delay in treatment carries the risk of persistence
of hepatic disease and HCC. In countries where
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HT1 is not part of newborn screening, it is impor-
tant to be able to recognize the clinical and labo-
ratory findings in order to prevent delay in
diagnosis. More importantly, adding HT1 screen-
ing to the nationwide screening program in
Turkey is necessary for early diagnosis and facili-
tation of early treatment, to decrease the mortal-
ity and morbidity of the disease.
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Abstract

The discovery that a natural product leptospermone had herbicidal activity
formed the starting point for chemical synthesis to find more activity and
selectivity. A series of molecules called triketones were found to possess
good activity and 2-(2-nitro-4-trifluoromethylbenzoyl)-cyclohexane-
1,3-dione (NTBC) was selected for toxicology testing. NTBC fed at low
doses to rats and dogs caused keratopathy, which on cessation of the diet
recovered. Mice, rabbits and monkeys fed NTBC did not show this
response. Research discovered that NTBC caused tyrosinaemia which was
due to inhibition of the enzyme 4-hydroxyphenylpyruvate dioxygenase in
both mammals and plants thereby finding a novel target for killing plants.
NTBC was also used sucessfully as a drug to treat a rare inborn error of
metabolism, tyrosinaemia type I, in collaboration with Professor's Sven
Lindstedt and Elisabeth Holme. Understanding the mechanism of toxicity
of NTBC led to novel herbicide discovery and saved the lives of children
with acute tyrosinaemia type L.
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16.1 Introduction

I wish to dedicate this chapter to two former
collaborators Professor Emeritus Sven Lindstedt
(Fig. 16.1) and Professor Emeritus Elisabeth
Holme (Fig. 16.1). Without their enthusiasm,
commitment and knowledge, Nitisinone would
not have been developed as an orphan drug for
the treatment of tyrosinaemia type 1.

16.2 Obituaries

Sven Lindstedt M.D., Ph.D. studied medicine at
Lund and obtained his PhD in 1957. He then
spent time in the USA and returned to the
Karolinska Institute and Karolinska hospital’s
clinical chemistry laboratory where Sven estab-
lish his own research on carnitine, vitamin B6
and the metabolic disease tyrosinaemia. Sven
was appointed Professor of Medicinal Chemistry
in Lund in 1966. Two years later, he became
Professor and Consultant in Clinical Chemistry
at the University of Gothenburg and Sahlgrenska
University Hospital, where he worked for the rest
of his career. The ground-breaking research on
tyrosinaemia type 1 was his team’s discovery of
the primary cause of the disease which lead in
1991 to the use of an herbicide as an effective

Fig.16.1 Photographs
of Sven Lindstedt and
Elisabeth Holme, from
the internet

Professor Sven Lindstedt

treatment against this deadly disease. The drug
Nitisinone is now accepted worldwide for the
treatment of tyrosinaemia type 1. In addition to
his research as the Director of Clinical Chemistry
at Sahlgrenska Hospital, he introduced modern
automated analytical instruments and advanced
computerisation to enable a large number of sam-
ples to be analysed. Sven also acquired a mass
spectrometer to help analyse samples from chil-
dren with congenital metabolic diseases. Sven
was a leader in his field who will be sadly missed.
He died aged 88 in 2015 leaving a wife and five
children. Kindly translated from Swedish by
Professor Anders Lindahl.

Elisabeth Holme M.D., Ph.D. also studied
medicine at Lund and obtained her M.D. in 1975
and started full timework at Sahlgrenska
University Hospital where she specialised in
Clinical Chemistry. In 1982, she finished her doc-
toral thesis and appointed an associate senior
consultant in 1985, then a senior consultant in
1992 at Sahlgrenska University Hospital. In
1984, she became associate Professor in Clinical
Chemistry and in 2009 appointed Professor in
Clinical Chemistry at the Department of Clinical
Chemistry and Transfusion Medicine at the
Institute of Biomedicine at the Sahlgrenska
Academy at Gothenburg University. However,
she had earned her Professorship a lot earlier!

Professor Elisabeth Holme
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Elisabeth became Professor Emeritus in July
2014, but continued working as a senior consul-
tant at the hospital. Elisabeth made major contri-
butions in the field of mitochondrial disease and
fatty acid oxidation defects as well as other fields
of inborn errors of metabolism. However, her
work that had the largest impact was that which
she did with Sven Lindstedt demonstrating the
dramatic effects of Nitisinone in the treatment of
tyrosinaemia. Elisabeth was also an enthusiastic
member of the Society for the Study of Inborn
Errors of Metabolism. She organised a meeting
in Gothenburg in 1997 and did a great deal to
encourage and help younger members of the
Society. Elisabeth died aged 68 in 2015 having
lost her husband in 2009 and leaving two chil-
dren. Adapted from Kollberg and Clayton (2015).

It was a great pleasure to work with Sven and
Elisabeth to enable Nitisinone to be used for the
treatment of tyrosinaemia type 1; we had some
most enjoyable discussions regarding the best
approach to enable the chemical to be given to
children. I found my visits to Gothenburg scien-
tifically stimulating and rewarding.

0 0 CHs
H4C

H,C CH;
0% o

H3C CHj
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16.3 The Discovery
of 4-Hydroxyphenyl
Pyruvate Dioxygenase
Inhibitors

Naturally occurring diketone and triketone alka-
loids are produced by a number of myrtaceous
plants (Helleyer 1968) and lichens (Romagni
et al. 2000). These compounds act as allelopathic
agents, synthesised to prevent the growth of sur-
rounding plants and or microbes. The discovery
of the triketone herbicides began in 1977 when a
scientist by the name of Reed Gray working for
Stauffer Chemicals at the Western Research
Center, California noticed that few weeds grew
under the bottlebrush plant Callistemon citrinus
than in surrounding areas. Because of this obser-
vation, he separated compounds from bottlebrush
plant extracts and showed that grass became
stunted and white in colour when exposed to
these extracts. This enabled him to isolate and
identify the structure of the herbicidally active
chemical that was an acyl syncarpic acid, lepto-
spermone (Fig. 16.2a). This compound is a natural

o o c
%ko i ~S0,CH;

b)
o 0 NO,
%C%
d)

Fig. 16.2 The chemical structures of 4-hydroxyphenylpyruvate dioxygenase inhibitors (a) Leptospermone; (b)

Sulcotrione; (¢) Mesotrione and (d) NTBC/Nitisinone
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product but its biological activity was not known.
Further testing of leptospermone in the green-
house showed it to be a moderate herbicide
against a narrow range of weed species. For grass
weeds, it is active at an application rate of 1000 g/
ha or more (see Beaudegnies et al. 2009).
Combining the syncarpic acid unit of leptosper-
mone with a benzoyl moiety led to a significant
boost in both the spectrum of weeds controlled
and  overall herbicidal  potency e.g.
2-chlorobenzoyl syncarpic acid showed herbi-
cidal activity against a wide range of broad-
leaved and grass weeds at 500 g/ha and the
compound showed the same bleaching symptoms
as leptospermone. Optimisation of the substitu-
ents on the benzoyl moiety showed that substitu-
tion on the 2 position was critical for herbicidal
activity and 2,4-substitution was preferred with
2-nitro-4-trifluromethylbenzoyl syncarpic acid
showing very good herbicidal activity in the
greenhouse at 62.5 g/ha or less (see Beaudegnies
et al. 2009). Subsequent work using 2-substituted
and 2, 4-substituted benzoylcyclohexanedione-1,
3-diones showed good herbicidal activity. The
effects of substitution on the benzoyl group mod-
ulated the overall herbicidal potency, but tended
to have little effect on changing the spectrum of
weeds controlled. In contrast, the substitution
pattern on the dione moiety had a significant
impact on the spectrum of weed -control.
Eventually one of this series was acceptable for
commercialisation and sulcotrione (Fig. 16.2b)
as a selective herbicide is used for the control of
broad-leaved weeds in European maize markets.
Sulcotrione (2-chloro-4-methanesulphonyl
benzoyl-1,3-cyclohexanedione) was registered for
use by Zeneca (now Syngenta) in 1993. Mesotrione
(Fig. 16.2¢) 2-nitro-4-methanesulphonylbenzoyl-
1,3-cyclohexanedione was subsequently
launched by Syngenta in 2001 into the US and
European maize markets, under the brand name
CALLISTO, after the Latin name of the bottle
brush plant. When applied pre- and post-emer-
gence, mesotrione provides control of all the
important broad-leaved weeds in maize together
with suppression/control of some of the annual
grass weeds. Typical use rates for mesotrione
range from 100 to 225 g/ha when applied

pre-emergence, and 70-150 g/ha for post-emer-
gence applications (Mitchell et al. 2001).

Since the introduction of sulcotrione and
mesotrione a number of other agrochemical com-
panies have introduced products with the same
mode of action including, Topramezone, [3-(4,
5-dihydro-isoxazol-3-yl)-4-methylsulfonyl-2-
methylphenyl](5-hydroxy-1-methyl-1H-pyrazol-
4-yl)methanone (Grossmann and Ehrhardt 2007);
Tembotrione,  2-[2-chloro-4-(methylsulfonyl)-
3-[(2,2,2-trifluoroethoxy)methyl]benzoyl]-
1,3-cyclohexanedione (Santel 2009); Isoxaflutole,
5-cyclopropyl-1,2-isoxazol-4-yl aoa-trifluoro-2-
mesyl-p-tolyl ketone (Pallett et al. 2001);
Bicyclopyrone, 4-hydroxy-3-[2-(2-methoxy,
ethoxymethyl)-trifluoro-methylpyridine-3-
carbonyl]-bicyclo[3.2.1]oct-3-en-2-one
(Syngenta Crop Protection); Pyrasulfotole,
(5-hydroxy-1,3-dimethyl-1H-pyrazol-4-yl)
[2-(methylsulfonyl)-4-trifluoromethyl)phenyl]
methanone (Reddy et al. 2012) and Tolpyralate
(Ishihara Sangyo Kaisha Ltd).

The mode of action of this series of benzoyl
syncarpic acids and benzoyl cylcohexane-1,3-
dione for killing plants was not understood.
Initially it was thought that they might act by
inhibiting phytoene desaturase, a step in carot-
enoid biosynthesis (Mayonado et al. 1989;
Sandmann et al. 1990). Clues to the mode of
action came from toxicological studies where it
was shown that rats dosed with 2-(2-nitro-4-
trifluoromethylbenzoyl)-cyclohexane-1,3-dione
(NTBC/ Nitisinone, Fig. 16.2d) exhibited
increased concentrations of tyrosine in their
blood and excreted increased amounts of
4-hydroxyphenylpyruvate in their urine (Ellis
etal. 1995; Lock et al. 1996 Lee et al. 1997). This
suggested a block in the catabolic degradation of
tyrosine and further investigative work went on
to show that NTBC is a potent inhibitor of mam-
malian 4-hydroxyphenylpyruvate dioxygenase
(HPPD)(EC 1.13.11.27) (Ellis et al. 1995). This
enzyme catalyses the oxidative decarboxylation
and rearrangement of 4-hydroxyphenyl pyruvate
to homogentisate in tyrosine degradation
(Fig. 16.3) (Lindblad et al. 1970). For detailed
information on the interaction of NTBC with HPPD,
see Kavana and Moran (2003) and Moran (2005).
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Fig.16.3 The tyrosine degradation pathway and it relevance to tyrosinaemia type 1, alkaptonuria and the site of action

of Nitisinone

At the time of discovery of the mode of action, it
was unclear if plants had HPPD but subsequent
work by Prisbylla et al. (1993) showed the
enzyme was present in corn and was sensitive to
NTBC. Treatment of Ipomeanol Hederacea with
NTBC produced an increase in plant tyrosine
concentration and a corresponding decrease in
plastoquinone that accounts for the bleaching.
Schulz et al. (1993) who reported that suclotrione
was a potent inhibitor of HPPD confirmed this. It
is important to note that in plants, HPPD is part
of the synthesis pathway for essential compo-
nents such as plastoquinone and tocopherols
while in mammals HPPD is involved in the
catabolism of tyrosine.

16.4 Toxicology of NTBC/
Nitisinone to Mammals

Routine toxicology studies on NTBC and related
structures at the Environmental Health Center
Laboratories in Farmington, CT, USA, showed

NTBC had a moderate to low acute oral toxicity.
However, when fed in the diet to male and female
rats at 1-800 ppm (0.05-40 mg/kg/day) for 90
days, NTBC produced corneal opacities with and
without accompanying vascularisation, with the
opacities being either bilateral or unilateral
(Robinson 1995). The earliest response occurred
about 1 week after starting the diet, with the max-
imal response seen towards the end of the study,
typically with an incidence of about 80% at the
highest doses (Lock et al. 1996). Hence, some
rats fed NTBC for 90 days did not respond, the
reason for this is currently unclear. Upon cessa-
tion of feeding the diet containing NTBC the cor-
neal lesions recovered, all eyes being either
normal or those with vascularisation just showing
residual “ghost” blood vessels (Robinson 1995).
Chronic exposure of rats to NTBC at 0.05-40
mg/kg/day for 2 years to assess its carcinogenic
potential stopped after 1 year as NTBC was with-
drawn from development. No additional NTBC-
related toxicity was seen when compared to that
after 90 days exposure. A structural analogue of
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NTBC is now on the market as an herbicide,
namely sulcotrione (Fig. 16.2b). Studies in male
and female mice fed NTBC 10-3500 ppm,
(1-350 mg/kg/day) in their diet for 90 days
showed no treatment-related corneal lesions and
the only toxicological effect observed was a
decreased growth rate at the highest dose (Lock
et al. 2000). Beagle dogs given NTBC at doses
ranging from 0.1 to 5 mg/kg/day showed corneal
opacities at all dose levels with evidence of crys-
talline deposits in the eyes of some dogs. The
ocular toxicity reversed upon cessation of dosing
NTBC (Lock et al. 2006). Rhesus monkeys were
also administered NTBC by oral gavage at 10
mg/kg/day for 90 days to ascertain if eye lesions
were observed in this species, no ocular toxicity
or signs of compound related toxicity was seen
(Lock et al. 2006). Thus, the primary toxicology
observed with NTBC was the production of cor-
neal lesions in the rat and dog at low doses while
the mouse and rhesus monkey appeared to be
resistant to this effect.

16.5 Tissue Distribution,
Metabolism and Excretion
of NTBC in the Rat

Research studies aimed to try to understand the
basis for the ocular toxicity observed in the rat
after dosing with NTBC. Initial studies focussed
on the tissue distribution of ['* C-benzoyl]-NTBC
using whole body autoradiography, following a
single oral dose at 10 mg/kg. This showed that
radioactivity spread throughout the body at early
times after dosing, while after 24 h and 48 h
radiolabel was still present in the liver, kidneys
and Harderian gland with no selective retention
in the cornea or eye. Following a low dose of 0.1
mg/kg [ C-benzoyl]-NTBC to rats the plasma
concentration peaked 2 h after dosing at about 70
pmol/ml, remained elevated for up to 8 h but was
then cleared to below the limit of detection <1
pmol/ml by 24 h. Any radiolabel detected in the
eye was always at a much lower concentration
than in the plasma. The radiolabel associated
with the liver and kidneys changed little over the
ensuing 3 days, the liver retained 46% and the

kidneys 3%, so that about 50% of the adminis-
tered dose was still in the body 4 days after dos-
ing. We presume that NTBC is bound in these
organs (Lock et al. 1996). The Harderian gland in
the rat is part of the lacrimal apparatus and con-
tributes to the pre-corneal tear film and the reason
for retention of radiolabel in this tissue is unclear
but could be similar to that in the liver and kid-
neys. The excretion of [ C-benzoyl]-NTBC was
also examined in the rat following a single oral
dose of 10 mg/kg over 4 days. The elimination
was equally divided between urine and faeces
with about 45% of the dose excreted by each
route with the bulk of the dose (63%) being elim-
inated over the first 24 h. Two major metabolites
were present in urine, the 4-and 5-hydroxy
metabolites accounting for about 75% of the
material in urine.

Overall, these studies did not show any corre-
lation between the presence of radiolabel from
NTBC and the eye lesions indicating some other
factor was involved, the only interesting finding
was the retention of a large part of the dose in the
liver and to a lesser extent the kidneys.

16.6 Mechanism of Action
of NTBC

The breakthrough in our understanding came
from two pieces of information (1) speculation
that the structure of NTBC resembled that of
structures in a pharmaceutical patent for tyrosine
hydroxylase inhibitors and (2) metabonomic
studies on dog and rat urine from NTBC-treated
animals using '"H-NMR spectroscopy. In the first
urine from NTBC treated rats was analysed for
tyrosine and its metabolites using ferric chloride
(which detects a-keto acids) and nitrosonaphthol
(which detects hydroxylated aromatic com-
pounds) and in both cases, the tests were positive.
The study then looked at the plasma amino acid
content of NTBC treated rats, they showed a
marked elevation in plasma tyrosine concentra-
tion of about 2000 nmol/ml compared to 100
nmol/ml in untreated rat plasma (Lee et al. 1997).
The second approach using 'H-NMR on urine
from dogs exposed to NTBC showed a marked
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increase in peaks in the aromatic range of the
spectrum (Ian Wilson, ICI Pharmaceuticals) that
were later identified as 4-hydroxyphenylpyruvate
and 4-hydroxy-phenyllactate metabolites of tyro-
sine in NTBC treated rats (Ellis et al. 1995). The
reason for the accumulation of tyrosine in rats
(Ellis et al. 1995) and plants (Prisbylla et al.
1993; Schulz et al. 1993) is due to inhibition of
the enzyme HPPD. 4-Hydroxyphenylpyruvate is
the substrate for HPPD, which catalyses its con-
version to homogentisic acid (Fig. 16.3), involv-
ing oxidative decarboxylation and ring migration
of an enzymatically derived pyruvate moiety dur-
ing catalysis. We consulted and had discussions
with Sven Lindstedt and Elizabeth Holme of
Gothenburg University as Sven was the expert on
this enzyme, having isolated and purified it from
human liver (Lindblad et al. 1977; Riietschi et al.
1993) and worked with this enzyme for many
years due to his interest in tyrosinaemia. Using
the method of Lindstedt and Odelhég (1987)
enzyme kinetic studies with rat liver cytosol
showed that the inhibition was both time- and
dose-dependent, the rate constant for the forma-
tion of the enzyme-inhibitor complex being about
9.9 x 107s 'nmol/L~" (Ellis et al. 1995).
However, NTBC is not covalently bound to the
enzyme; as the enzyme-inhibitor complex will
dissociate with an estimated half-life in vitro at
25 °C of 63 h. Thus, the interaction of NTBC
with the enzyme can be characterised by a rapid
inactivation step to form the complex that can
dissociate slowly with recovery of enzyme activ-
ity. This suggests that NTBC binds to the same
part of the active site as the substrate. More recent
studies have examined the interaction of NTBC
with HPPD from Streptomyces avermitilis in
greater detail showing that NTBC preferentially
binds to the complex of HPPD when the non-
haem Fe is in the Fe(Il) ferrous state (Kavana and
Moran 2003). They determined this process
occurs in two phases and comprises three steps:
in the first step NTBC binds initially reversibly
proximal to the active site metal ion followed by
a bidentate association with the Fe(II) atom pro-
ducing an initial charge transfer absorbance. The
Lewis-acidic metal ion then assists in the irre-
versible deprotonation of the enol to form the

enolate complex, producing a second and final
charge transfer band with a slightly increased
intensity (Kanavan and Moran 2003). The three-
dimensional structure of the Fe(II) form of HPPD
from Streptomyces avermitilis in complex with
NTBC has been determined at a resolution of 2.5
A (Brownlee et al. 2004) also see review on
HPPD by Moran (2005). In these studies with
Streptomyces avermitilis the reaction with NTBC
is irreversible, while studies on the interaction of
NTBC with HPPD in rat liver cytosol showed
some reversibility (Ellis et al. 1995). One possi-
ble explanation for this difference is that HPPD
exists as a tetramer in rat and human liver while
in bacteria it is a dimer.

In the rat a single dose of NTBC as little as
100 pg/kg given orally completely inhibited the
activity of HPPD in the liver within a couple of
hours, resulting in an increase in the concentra-
tion of tyrosine in the plasma (2000 nmol/ml) and
ocular fluid (3500 nmol/ml). The tyrosine con-
centration peaked 24 h after dosing when the
HPPD activity in the liver was still 95% inhib-
ited, but by 48 h after dosing plasma, tyrosine
was back within the normal range, while the
return to normal in the eye took about 72 h. The
recovery of HPPD activity was only 40% of con-
trol 48 h after dosing and then 50% of control 72
h and 96 h after dosing. These finding are consis-
tent with those in vitro with rapid inhibition fol-
lowed by a very slow recovery and tell us that
>5-40% recovery of the enzyme is enough to
enable tyrosine values to return to normal. Later
times after expose recovery of HPPD activity
could be due to synthesis of new enzyme, how-
ever with 46% of the dose of the radiolabel from
NTBC still in the liver at this time, any free
NTBC would inactivate HPPD (Lock et al. 1996).
The rate of loss of NTBC from the liver after 0.1
mg/kg declines over 4 days giving an approxi-
mate half-life of 5.5 days, much longer than
in vitro. At higher doses of NTBC, e.g. 10 mg/kg
removal from the liver 24 h after exposure is
slower with little loss between 4 and 7 days after
exposure suggesting a much longer half-life
(Lock et al. 1996). The implication of this are
that following a second and third daily dose
HPPD is completely inhibited leading ultimately
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to a steady state concentration of NTBC and tyro-
sine in the plasma following multiple dosing
which leads to ocular injury. That the cause of the
eye lesion was due to tyrosinaemia was con-
firmed by feeding rats on a low protein diet con-
taining 5% w/w tyrosine which resulted in a
similar ocular toxicity to that seen with NTBC,
although with tyrosine alone, there was a 100%
incidence of eye lesions which were more severe
than those seen with NTBC.

Mice in contrast were resistant to ocular
lesions produced by NTBC even at doses up to
160 mg/kg/day for 6 weeks (Lock et al. 2000).
Mice given a single oral dose of 10 mg/kg NTBC
had HPPD activity inhibited in their liver >95%
which only started to recover about 4 days after
dosing. In these mice, the plasma tyrosine con-
centration peaked at around 700 nmol/ml 8 h
after dosing and then slowly declined to approach
normal over 7 days. The liver content of radiola-
belled NTBC peaked 2 h after dosing and then
rapidly cleared with an initial half-life of about 7
h followed by a very slow phase with little elimi-
nation over the ensuing 7 days (Lock et al. 2000).
Thus in the mouse, despite almost complete inhi-
bition of hepatic HPPD, tyrosine was cleared
from the plasma more rapidly than in the rat. One
explanation for the species difference is that
hepatic activity of tyrosine aminotransferase is
much higher in the mouse and hence able to clear
tyrosine as 4-hydroxyphenylpyruvate and lactate
and excrete it in urine. These tyrosine findings in
the rat and mouse led us suggest that there was a
threshold for plasma tyrosine above which cor-
neal injury was observed, which was 1000 nmol/
ml (Lock and Smith 2003).

Further studies showed that NTBC treatment
of beagle dogs and rabbits resulted in tyrosinae-
mia with marked inhibition of hepatic HPPD;
rhesus monkeys also developed tyrosinaemia
after NTBC (Lock et al. 2006). As mentioned
earlier dogs, developed corneal injury at the low-
est dose of 0.1 mg/kg while both rabbits and rhe-
sus monkey given 10 mg/kg for 6 weeks and 12
weeks respectively did not develop corneal
injury. The findings in the dog where plasma
tyrosine concentrations were above 1000 nmol/ml

plasma is consistent with the threshold concept,
but as with rats some dogs had high plasma tyro-
sine levels but did not show ocular impairment.
However, findings in the rabbit and rhesus mon-
key where plasma tyrosine concentrations were
above 1000 nmol/ml without any ocular injury
indicated that there are other factors that we do
not currently understand that lead to corneal
injury. Tyrosine is a rather insoluble amino acid
with a solubility of 4000 nmol/ml in water at 37
°C this is close to the concentration found in the
aqueous humour and would seem to support the
findings in rats (Gipson and Anderson 1997) and
dogs of crystalline structures in the eye.

Thus, all HPPD inhibitors will cause an
increase in plasma and ocular tyrosine concentra-
tion in mammals which if marked and sustained
will result in corneal lesions in rats and dogs.

From the toxicology viewpoint a key question
was how would humans respond to NTBC with
regard to tyrosinaemia and corneal injury?

16.7 Development of NTBC/
Nitisinone to Treat
Tyrosinaemia Type 1

It was during the first visit by Sven Lindstedt and
Elizabeth Holme that Sven told us he had been
searching for inhibitors of HPPD for many years
to treat a small number of children in Sweden
with tyrosinaemia type 1 and he asked if he could
have NTBC for this purpose. The concept was
that by blocking HPPD in these patients you
would prevent the formation of toxic metabolites
downstream of homogentisic acid thereby
improving their clinical condition. Zeneca con-
sisted of two major businesses, one in
Agrochemicals and the other in Pharmaceuticals,
with the toxicology testing for Agrochemicals
conducted at the Central Toxicology Laboratories
(CTL) where I was working. Internal discussion
took place between CTL and Agrochemicals, as
NTBC was no longer in development; they were
supportive for its clinical use if it could improve
the quality of life for these children. However,
agreement of the Pharmaceutical business was
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required. In October 1989, Sven formally
requested the use of NTBC to treat children with
tyrosinaemia type 1. As an initial step, it was
important to establish that NTBC inhibited
human HPPD and Sven was happy for Martin
Ellis and I to visit his laboratory and conduct
studies with NTBC using the purified human
liver enzyme. These studies showed NTBC was a
potent inhibitor of HPPD with an ICs, of 5 nM
and with this information the director of CTL Dr.
Tain Purchase and I started a dialogue with the
Pharmaceuticals business. This took time but the
outcome was supportive on the understanding
that NTBC is used according to good clinical
practice, with the approval of University of
Gothenburg Ethical Committee and the consent
of the children’s parents. A small project team
under my leadership with a clinician, patent
experts, lawyer, and regulatory product advisor to
move the project forward. Various documents
were prepared outlining the case for treating
these patients including the toxicology database.
Professor Lindstedt then made a submission for
the proposed clinical use of NTBC to treat a
small number of children with tyrosinaemia type
1 to the Ethical Committee at Gothenburg
University and to the Medical Products Agency
(MPA) in Uppsala, Sweden. In February 1991,
following approval by the MPA Zeneca supplied
a quantity of NTBC for clinical use to treat a seri-
ously ill 2-month-old baby with tyrosinaemia
type 1. The outcome was dramatic and the initial
studies on five patients was reported in the Lancet
(Lindstedt et al. 1992). As expected plasma tyro-
sine was elevated in these patients but no adverse
ocular effects were seen. Eventually NTBC was
patented for clinical use worldwide by Zeneca
Pharmaceuticals and then sub-licensed to
Swedish Orphan International, that undertook the
necessary studies on stability, formulation, and
gathered additional clinical data to support drug
registration. In May 1995, Nitisinone (Orfadin)
was designated an orphan drug by the US Office
for Orphan Product Development. The US Food
& Drug Administration gave approval in January
2002 and European approval followed in
February 2005. The worldwide rights are cur-

rently with Swedish Orphan Biovitrum AB
(Sobi). Aspects of the discovery of NTBC have
been previously reported Lock et al. (1998).
Clinical studies conducted by CTL on ten human
volunteers given a single dose of 1 mg/kg
Nitisinone orally in solution or as a capsule
showed it was slowly eliminated from the plasma
with a half-life of 54 h. Plasma tyrosine gradually
increased reaching a plateau of 1100 nmol/ml
after 3 days and remained elevated for the 5 days
examined. There was then a 14-day rest period
followed by a second dose of 1 mg/kg orally.
Prior to the second dose a blood sample was
taken that showed plasma tyrosine was still ele-
vated at 800 nmol/ml, i.e. a drop of only 300
nmol/ml over 14 days indicating a half-life in
humans of >14 days, indicative of prolonged
inhibition of hepatic HPPD (Hall et al. 2001).

This study also examined the structurally
related HPPD inhibitor mesotrione (Fig. 16.2¢c),
used as an herbicide, in human volunteers at
doses 0.1, 0.5 and 4 mg/kg and showed that
mesotrione was rapidly eliminated from the
plasma with a half-life of 1 h. As a consequence
there was only a very small increase in plasma
tyrosine after the two lower doses (towards the
upper end of normal) over a few hours after dos-
ing, while with 4 mg/kg mesotrione plasma tyro-
sine was increased to about 300 mnol/ml 8 h after
dosing and was back within the normal range
after 48 h. This indicates that mesotrione inhibits
human liver HPPD but compared to NTBC is
rapidly cleared from the body with 72% of the
dose excreted unchanged in the urine (Hall et al.
2001).

16.8 Use of NTBC/Nitisinone
to Treat Alkaptonuria

Nitisinone is also being used off-label to treat
people with the inborn error of metabolism
alkaptonuria (AKU) which is due to a deficiency
of the enzyme homogentisic acid dioxygenase
(HGD) (EC. 1.13.11.5) (Introne et al. 2011;
Olsson et al. 2015). AKU is an autosomal reces-
sive disorder where the deficiency of HGD, pre-
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vents the metabolism of homogentisic acid
(HGA) to maleylacetoacetic acid (Fig. 16.3)
(O’Brien et al. 1963). The result is the accumula-
tion of HGA in body fluids despite extraordi-
narily efficientrenal excretion, both by glomerular
filtration and tubular secretion. However, despite
the ability of the kidney to eliminate HGA, an
increase in circulating HGA occurs. Conversion
of circulating HGA to a pigmented polymer that
can be visible in the ears and eyes, a process
termed ochronosis (Fig. 16.3), which is first
observed around the age of 30 years. This ochro-
notic pigment is deposited in tissues, in a highly
selective manner that is still not fully understood;
for example, pigmentation is marked in the aortic
valve and aortic root but is virtually absent in the
pulmonary valve and pulmonary trunk. The
ochronotic process consistently targets cartilage,
so much, so that articular tissues endure the most
damage caused by AKU. Studies have shown a
marked reduction in the excretion of HGA fol-
lowing Nitisinone treatment in these patients,
indicating the likelihood of reduced polymer for-
mation, but it will take time to demonstrate clini-
cal efficacy (Introne et al. 2011; Olsson et al.
2015; Milan et al. 2017). As expected plasma
tyrosine concentrations are elevated, to date the
only clinical adverse effect has been ocular kera-
topathy (Ranaganath, personal communication)
in a number of patients.

In summary, this example with NTBC demon-
strates the importance of understanding the
mechanism whereby chemicals cause adverse
toxic reactions and illustrates the application of
this knowledge to help design effective herbi-
cides and to treat people with rare inborn errors
of tyrosine metabolism.
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Abstract

In this chapter we describe the current Quebec NTBC Study protocol.
Quebec’s unique characteristics have influenced the development of the
protocol, including a high prevalence of hepatorenal tyrosinemia (HT1),
universal newborn screening for HT1, availability of treatment with nitisi-
none (NTBC) and special diet, a large territory, where HT1 treatment is
coordinated by a small number of centers. Screened newborns are seen
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within 3 weeks of birth. Patients with liver dysfunction (prolonged pro-
thrombin time and/or international normalized ratio (INR) provide sensi-
tive, rapidly available indicators) are treated by NTBC and special diet.
The specific diagnosis is confirmed by diagnostic testing for succinylace-
tone (SA) in plasma and urine samples obtained before treatment. After an
initial period of frequent surveillance, stable patients are followed every 3
months by assay of plasma amino acids and NTBC and plasma and urine
SA. Abdominal ultrasound is done every 6 months. Patients have an annual
visit to the coordinating center that includes multidisciplinary evaluations
in metabolic genetics, hepatology, imaging (for abdominal ultrasound and
magnetic resonance imaging) and other specialties as necessary. If hepato-
cellular carcinoma is suspected by imaging and/or because of progressive
elevation of alphafetoprotein, liver transplantation is discussed. To date,
no patient in whom treatment was started before 1 month of age has devel-
oped hepatocellular carcinoma, after surveillance for up to 20 years in
some. This patient group is the largest in the world that has been treated
rapidly following newborn screening. The protocol continues to evolve to
adapt to the challenges of long term surveillance.

Keywords
Tyrosinemia * Québec ¢ Quebec ° Screening ¢ Diet ¢ Nitisinone
Surveillance * Treatment

The clinical and biologic aspects of HT'1 prior to
the availability of NTBC treatment are reviewed
elsewhere (Mitchell et al. 2001). Other chapters
in this volume discuss the treatment and surveil-
lance of liver disease in the context of the Quebec
NTBC Study (See Halac et al., Chap. 6), the indi-
cations and results of liver transplantation (See
Alvarez and Mitchell, Chap. 5) and future clini-
cal challenges for HT1 treatment (See Mitchell
and Yang, Chap. 19) and treatment and surveil-

Abbreviations

DRI  Dietary reference intake
HT1  Hereditary tyrosinemia type 1
INR International normalized ratio
NTBC Nitisinone

SA Succinylacetone

17.1 Introduction

lance protocols elsewhere.

This chapter describes the core protocol currently
used in Quebec for the medical treatment of
patients with hepatorenal tyrosinemia (HT1).

R. Laframboise © L. Pelletier  J.-F. Turcotte
Divisions of Medical Genetics (RL),
Gastroenterology (LP) and General Pediatrics (JFT),
Department of Pediatrics, Université Laval,

Québec, Canada

B. Maranda

Department of Medical Genetics, Centre Hospitalier
Universitaire de Sherbrooke and Université de
Sherbrooke, Sherbrooke, Québec (BM), Canada

17.2 Background: A Québec
Perspective on HT1

Following the report of Lindstedt and Holme
describing the use of nitisinone (NTBC) in
human patients with hepatorenal tyrosinemia
(tyrosinemia type I, HT'1) (Lindstedt et al. 1992),
it was clear that NTBC treatment could rapidly
improve the clinical manifestations of HT1.

This report followed upon decades of work by
clinicians and biochemists in Québec to improve the
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diagnosis, treatment and prognosis of HT'1. Because
of a genetic founder effect, HT1 is common in
Québec (Grompe et al. 1994). Province-wide neona-
tal screening for tyrosinemia has been practiced
since 1970. Unlike most places, in Québec, HT1
patients are firstidentified as clinically-asymptomatic
newborns (Mitchell et al. 2001).

Geographically, Quebec covers a large terri-
tory. Provision of services to all patients, even
those in remote locations, are coordinated by the
four university hospital centers and by a regional
center (Chicoutimi) in the area with the highest
prevalence of HT1.

Clinicians in Québec had the strong impres-
sion that early initiation of a diet restricted in
tyrosine and phenylalanine, with medical surveil-
lance for the development of complications,
resulted in a milder phenotype than if the disease
was not detected by screening and instead came
to medical attention when complications arose.
However, the clinical effect of diet treatment
alone was modest even if the diet was started
within days of birth. This was seen biochemically
as well. Succinylacetone (SA) is highly increased
in HT1 and is closely linked to the pathophysiol-
ogy of this condition. A marked elevation of SA
is thought to be pathognomonic for HT'1. SA lev-
els in HT1 patients remained highly elevated
despite dietary treatment. Even if they had excel-
lent dietary adherence, HT1 patients treated by
diet alone remained at risk for the life-threatening
acute and chronic complications of HT1.

The development of a pediatric hepatic trans-
plantation program in Québec, reviewed elsewhere
in this book, provided hope for survival for tyrosin-
emic patients. Even with the combination of new-
born screening and early diet therapy, most patients
required liver transplantation before the age of 3
years. The two principal indications for liver trans-
plantation were aggressive liver disease (episodes
of hepatic failure or development of liver nodules)
and the development of neurologic crises.
Neurologic crises of HT1 are porphyria-like acute
episodes of sensorimotor neuropathy that occurred
in about half of HT'1 patients in Québec before the
availability of NTBC (Mitchell et al. 1990).
Neurologic crises often caused severe neuropathic
paininthelegs orparalysis of the legs. Diaphragmatic
paralysis occurred more rarely but sometimes
required prolonged mechanical ventilation.

Therefore, Québec was distinct from other
places with respect to HT1. HT1 was more prev-
alent and patients were identified and treated
from an early stage of the disease. In this patient
population, early treatment with NTBC might
possibly generate results that could not be
directly compared with those obtained else-
where, because of the differences in the age at
which treatment could begin. Presumably, if
patients were not screened and if they presented
clinically with liver failure, cirrhosis and/or
renal tubulopathy, permanent visceral damage
might have occurred before diagnosis and the
effect of treatment might not be as marked as if
it was started shortly after newborn screening
and before the development of clinical signs.
Furthermore, because of the high level of clini-
cal heterogeneity among HTI patients, even
within single families, it would be necessary to
obtain the largest number possible of patients in
order to draw conclusions of statistical signifi-
cance. Finally, the toxicity of NTBC in humans
was unknown at that time, which aroused major
concern about initiating treatment in a large
number of patients. If any side effect occurred, it
was felt to be important that all of the Québec
community be informed. In view of these con-
siderations, all of the physicians who cared for
tyrosinemic patients in Québec agreed to admin-
ister NTBC as part of a common protocol.

The first patients to whom NTBC was adminis-
tered were older children who were several months
or years of age. In some of them, NTBC was
started during an acute decompensation. All
patients showed rapid improvement of liver dis-
ease. No side effects were identified in these
patients. The age at first treatment was progres-
sively reduced to include babies immediately fol-
lowing their identification by newborn screening.
Currently, after a positive screen for HT1, new-
borns are evaluated within days, often within
hours.

17.3 Initial Diagnostic Evaluation
17.3.1 The Initial Visit

Currently, screen-positive babies are usually first
seen in the second or third week of life. During
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the first month of life, HT1 patients are usually
clinically asymptomatic (Mitchell et al. 2001),
although neurologic crises have rarely been
reported at 1 month of age (Mitchell et al. 1990).

Physical examination is usually normal but
may reveal slight hepatomegaly. The initial sam-
ples in screen-positive newborns are obtained in
the outpatient clinic. It is important to validate
that the child has evidence of hepatic dysfunc-
tion. Even when evaluated following newborn
screening, all HT1 patients have in our experi-
ence had evidence of coagulopathy. In practice
this is detected as a prolonged prothrombin time
and/or a high International Normalized Ratio
(INR). These tests are available rapidly in all par-
ticipating centers. Screen-positive patients who
have normal liver function are not treated but are
followed closely without treatment while await-
ing the results of specific tests. Patients who have
prolonged coagulation tests are offered treatment
with NTBC and special diet.

Once the initial sampling is performed
(Table 17.1) and the samples are confirmed to be
adequate, and if the patient has prolonged coagula-
tion tests, NTBC is prescribed. Prior to administra-
tion of NTBC, it is important to ensure that the
samples, particularly those for assay of succinylac-
etone, are of adequate amount and quality. This is

Table 17.1 Pretreatment evaluation of HT1 patients

Blood/plasma

Complete blood count

Plasma electrolytes

Blood gases

Coagulation evaluation: international normalized
ratio (INR) and prothrombin time (PT)

Aspartate aminotransferase

Bilirubin

Alphafoetoprotein

Succinylacetone

Amino acid chromatography

Urine

Urinalysis

Succinylacetone

Amino acid chromatography

Imaging

Abdominal ultrasound (often performed after the
initial sampling)

important because future metabolite levels will be
compared with this value, and because SA decreases
rapidly following the first dose of NTBC. Therefore,
samples taken after treatment has begun, even rap-
idly after treatment has begun, may not reflect the
levels of the patient before treatment.

When evidence of hepatic dysfunction is
obtained in a screen-positive patient, the protocol
coordinator authorizes the shipment of NTBC to
the center. Usually, delivery requires less than
24 hours, approximately the time for the initial
urine collection and sampling. Typically, multi-
ples of the smallest pills (2 mg) are prescribed for
newborn babies and a sufficient supply is avail-
able at the pharmacy of the coordination site to
ship immediately for the first days of treatment.

NOTE: Treatment with NTBC may be
indicated on an emergency basis, espe-
cially in patients who are not screened and
who present clinically in liver failure or
neurologic crisis. Access to NTBC varies
greatly among different places. Physicians
outside of Québec responsible for HT1
diagnosis and management are encouraged
to establish procedures in advance for rap-
idly obtaining diagnostic results and rap-
idly obtaining NTBC if necessary.

17.3.2 First Hospitalization

In our experience a brief hospitalization is useful
to ensure adequate diagnosis and to initiate treat-
ment, and for the parents to feel confident about
the treatment. Families are overloaded with infor-
mation and emotion after the diagnosis is
announced. Therefore, patients with abnormal
coagulation testing at the first outpatient visit are
hospitalized to start treatment.

The hospitalisation typically lasts about 48 h
after the first dose of NTBC. By then, the parents
know how to prepare the tyrosine and phenylalanine-
restricted formula. The parents will be confident
with NTBC administration, and understand how to
obtain help in case of uncertainty. The hospitaliza-
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tion is useful in order to clear up potential miscon-
ceptions of the parents and to ensure strong links
between the parents and the health care team. The
family meets several times with members of the
core treatment team (nurse, dietician, pharmacist
and metabolic physician) who will be their primary
contacts in the future.

17.4 Administration of NTBC
17.4.1 The First Dose of NTBC

We have never seen an acute deleterious effect fol-
lowing the first dose of NTBC. However, because
NTBC has only been given to a comparatively
small number of patients, we have continued to
give the first dose under medical supervision, with
monitoring of vital signs and of the general state of
the patient for several hours afterward.

For a screened newborn, the first dose given is
a single capsule of 2 mg, opened and mixed in a
small volume (2-3 mL) of formula. On a practi-
cal note, it is important not to dilute the dose in a
large volume because some might deposit on the
walls of the container and the child may not drink
the entire volume. A small volume of formula
can be given orally to the child by syringe. The
syringe can then be rinsed with an equal volume
that is also given to the baby, followed by the rest
of the feed.

The currently-available formulation of NTBC
(Orphadin) is available as capsules of 2, 5 or
10 mg. After the first dose, NTBC is prescribed.
The initial dose is the smallest multiple of 2 mg
that will provide a dose of at least 1 mg/kg/day and
at most 2 mg/g/day. For instance a 3.5 kg infant
will initially receive 4 mg/day (2 mg twice daily)
whereas a baby weighing 4.2 kg will receive a

NOTE: the doses of NTBC mentioned
in this chapter are provided only as a start-
ing guide. The dose should be adjusted
according to the individual response of the
patient.
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total of 6 mg/day (four in the morning and two at
night). The prescription will subsequently be
adjusted according to plasma levels of NTBC.

17.4.2 Further Administration
of NTBC

The goal of NTBC treatment is to suppress the
level of SA, which is the measurable metabolite
that is most closely related to the pathogenesis of
HT1. We use plasma NTBC level to adjust the
prescription of NTBC. We aim for plasma NTBC
levels above 50 pmol/L. In our experience these
levels produce a maximum suppression of the
levels of SA. An alternate approach used by some
groups is to adjust the dose of NTBC directly
according to the level of SA in blood or urine,
aiming to obtain a maximum suppression of SA
levels. Often SA levels can be reduced to the nor-
mal range.

NTBC has a long half-life (~54 h in adults)
(Hall et al. 2001). For this reason, some patients
now receive NTBC as a single daily dose. We
tend to reserve single daily dosing for older chil-
dren because the pharmacokinetic parameters in
infants are not well established.

NOTE: It is important to clearly state the
different roles of NTBC and of diet in the
treatment of HT1. NTBC is given to pro-
duce a complete pharmacological block of
4-hydroxyphenylpyruvate dioxygenase. The
prescription of NTBC is adjusted so as to
minimize SA. In contrast, the dietary toler-
ance of the patient is determined based on
plasma tyrosine level. Natural protein is
given in amounts that provide a plasma tyro-
sine level of 200— 400 pmol/L. Therefore,
the determination of the dose of NTBC is
based on levels of SA and/or NTBC and is
not determined by the levels of plasma tyro-
sine. The prescription of NTBC is adjusted
to minimize SA levels, not to adjust blood
tyrosine level.
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As another consequence of the long half-life
of NTBC, we wait at least 1 week to re-assess the
plasma level of NTBC after changing the pre-
scribed dose.

17.5 Dietary Treatment
(Contributed by Manon
Bouchard, DTP)

The goal of the dietary restriction is to prevent
hypertyrosinemia and to achieve normal intake
and levels of other nutrients while assuring a
maximum level of dietary palatability.

We aim for plasma levels of tyrosine between
200 and 400 pmol/L and for plasma level of phe-
nylalanine above the lower reference range
(above ~25-30 pmol/L). Methionine intake is not
restricted. Adequate intake of all other nutrients
is another goal.

The main elements of the HT1 diet are restric-
tion of natural protein, with additional phenylala-
nine and tyrosine-free formulas to provide
sufficient protein and of low protein foods to
meet energy requirements. Restriction of natural
protein is made by calculation of the phenylala-
nine and tyrosine content of natural foods. This
can be calculated with an exchange system (one
exchange is equal to 25 mg of phenylalanine plus
tyrosine combined (~0.3-0.5 g of natural pro-
tein)) or by counting grams of total natural
proteins.

17.5.1 Initial Diet

For mothers wishing to breast feed, the initial
prescription calls for breast feeds to alternate with
feeds of special formula that contain no tyrosine
or phenylalanine. For mothers who do not breast
feed, the formula is a mixture of normal baby for-
mula with a special formula that is depleted in
phenylalanine and tyrosine. Several such formu-
las are available for HT1. A typical starting
amount for total daily phenylalanine plus tyro-
sine combined is about 200 mg/day. This will be
checked and adjusted frequently in the first weeks
and months of treatment, according to the baby’s
growth and amino acid profile.

17.5.2 Restriction of Tyrosine
and Phenylalanine

Phenylalanine and tyrosine are present in all nat-
ural proteins. To restrict these two amino acids, a
restriction of all natural protein is needed. In gen-
eral, this diet relies heavily on fruits, vegetables
and cereals. Meat, nuts, seeds, legumes and dairy
products are avoided.

The diet prescription is individualized for each
patient. Frequent adjustments are needed in the
first year of life because of the rapid growth and
frequent intercurrent illnesses. The tolerance for
tyrosine and phenylalanine can vary depending in
part on growth rate, energy and protein intake.
The dietary prescription is adjusted according to
plasma levels of tyrosine and phenylalanine.

17.5.3 Protein and Other Nutrients

Protein requirements are calculated according to
age and body weight. In the diet of these chil-
dren, most protein intake (75-80 %) comes from
free amino acids in the phenylalanine- and
tyrosine-depleted formula. Free amino acids are
rapidly absorbed and metabolized. Therefore, a
higher protein intake than the dietary reference
intake (DRI) for age is prescribed (DRI +25 %).
Protein intake (the total of natural protein plus
the proteins in the amino acid mixture) is distrib-
uted throughout the day. Energy, vitamins and
minerals must meet the DRI for age.

Plasma amino acids, growth curves and plasma
albumin are monitored in all patients, with other
markers of protein nutrition as judged necessary.
In addition, micro and macronutrients are evalu-
ated, including levels of vitamin D and of iron.
Bone mineral density is measured regularly.

NTBC-treated HT1 patients are generally sta-
ble clinically. Mild intercurrent illnesses are
treated at home. They often induce a catabolic
state that is associated with elevated levels of
tyrosine and phenylalanine. During such epi-
sodes, phenylalanine and tyrosine intake is
decreased by 50 % for 24—48 h and a high intake
of energy is provided using metabolic formula
that contains no phenylalanine and no tyrosine
with and low protein foods.
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17.5.4 Phenylalanine
Supplementation

Some HT1 infants develop low levels of phenyl-
alanine when treated with NTBC and a phenyl-
alanine- and tyrosine-restricted diet (See Chap.
19 by Mitchell and Yang). The reason for this is
not clear. Patients with low plasma phenylalanine
are clinically asymptomatic. However, if patients
have values below the reference range, we pro-
vide supplementation with phenylalanine, usu-
ally starting at 15 mg or 30 mg four times a day.

The other components of the diet, particularly
the phenylalanine- and tyrosine-free formula, are
important for ensuring adequate general nutri-
tion. We have the impression that hypophenylal-
aninemia occurs less frequently in well-nourished
patients. Many such patients do not require phe-
nylalanine supplementation.

17.5.5 Sampling Frequency

The first weeks of life are a period of rapid growth
and require frequent dietary adjustment of phe-
nylalanine plus tyrosine intake. Amino acid chro-
matography is performed after 3 days, 1 week, 2
weeks, 3 weeks and once a month until one year
of age. After one year, the protocol calls for sam-
pling every 3 months although some physicians
perform this more frequently depending on the
patient’s level of control. In patients who are
growing rapidly, non-adherent to dietary treat-
ment or otherwise unstable, samples are often
obtained more frequently at the discretion of the
treating physicians.

17.5.6 Older Children and Adults

Patients are encouraged to continue diet therapy
for life. Several appetizing low protein food
products are now available that can easily be inte-
grated into school and work settings. This facili-
tates long term diet adherence.

17.6 Imaging Studies in HT1

Imaging studies are usually not urgent in screened
patients and are usually not performed prior to
NTBC treatment. Imaging studies are usually
postponed until after the initiation of NTBC and
collection of diagnostic blood and urine samples.
If imaging is necessary before NTBC treatment,
it is important to avoid sedation with barbiturates.
The neurologic crises of tyrosinemia resemble
acute episodes of hepatic porphyrias and can be
precipitated by barbiturate administration. After
NTBC treatment is established, treatment with
barbiturates is allowed.

Abdominal ultrasound is more sensitive than
magnetic resonance imaging (MRI) for the detec-
tion of small nodules (<10 mm). We have recently
started to use Gd-EOB-DTPA (Primovist), which
is reported to have excellent specificity and sensi-
tivity for the detection of hepatocarcinomas, as
discussed in the chapter by Halac (See Halac
et al., Chap. 6).

The imaging timetable in Table 17.2 applies to
patients with normal imaging results. If imaging
abnormalities are discovered, further investiga-
tions are individualized in collaboration with the

Table 17.2 Baseline surveillance in the Quebec NTBC
Study

Interval

(months) Test

3 Plasma SA, amino acids, AFP, NTBC;
urine SA*

6 Abdominal ultrasound (exams alternate
between the regional and coordinating
centers)

12 Abdominal MRI" and annual
multidisciplinary evaluation® at the
coordinating center

48 GFR, echocardiography

“The results of tests in each participating center are shared
with the coordinating center (CHU Sainte-Justine)

The details of contrast media and timing of MRI images
are discussed in the chapter in this volume about medical
management and surveillance of the liver in tyrosinemia
(see Halac et al., Chap. 6.)

“The multidisciplinary evaluation entails an annual visit to
the coordination center for evaluation in genetics, hepatol-
ogy, imaging and other specialities according to the above
table
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radiologists, hepatologists and other specialists
affiliated with the QNS.

17.7 Other Evaluations

Other evaluations are performed as necessary.
Nephrology, psychiatry, ophthalmology and car-
diology consultants affiliated with the study, pro-
vide expert advice as required. An initial
evaluation of psychomotor performance of the
cohort was normal (P Robaey, personal commu-
nication). A second psychomotor evaluation after
long-term treatment is currently underway. To
date, renal function has been stable clinically and
these data are also currently being evaluated and
prepared for publication.

17.8 Results

The results of the first phase of the Québec NTBC
protocol have been published (Larochelle et al.
2012). From 1988 to the time of this writing
(September, 2016), no patient who has adhered to
this protocol from the time of neonatal screening
has developed a hepatocellular carcinoma, detect-
able renal disease or a neurologic crisis.

Two major prognostic variables are the age at
which NTBC treatment is started and adherence
to treatment. Both are addressed in Chap. 19 of
this volume. If treatment is delayed, permanent
damage can occur and such patients are at risk.
As described in Chap. 5 (Alvarez and Mitchell),
some patients in whom NTBC treatment was
started after 1 month of age (because of non-
detection by screening or because of birth outside
of Québec in a place where neonatal screening
for HT1 is not performed) required liver trans-
plantation for the development of hepatic
nodules.

Adherence to recommendations for diet and
NTBC treatment is an important consideration.
We have seen complications if the diet is not fol-
lowed (corneal crystals resulting from hypertyro-
sinemia, malnutrition from non-compliance with
the formula). Patients with partial adherence or
non-adherence to NTBC can be clinically asymp-

tomatic for prolonged periods. However, some
develop severe complications. We have observed
painful neurological crises and crises with paral-
ysis requiring prolonged rehabilitation. Liver dis-
ease is presumably also active to some extent
during such periods when NTBC levels are low.
No liver cancer has yet been detected in any
patient in the protocol who was treated from the
time of newborn screening, even patients with
suboptimal adherence to the prescribed therapy.
However, HT1 patients with prolonged or recur-
rent sub-therapeutic levels of NTBC must be
considered to be at increased risk for chronic
liver  pathology including hepatocellular
carcinoma.

17.9 The Future

Life span, health and quality of life improved
radically for HT1 patients who have benefited
from the combination of newborn screening,
NTBC and diet therapy that currently form the
core of medical treatment of tyrosinemia in
Québec. This combination is a major step towards
the goal of providing normal health and normal
quality of life to people affected by HT1.
NTBC-treated HT1 patients are at risk for a
set of complications different from those of
patients with untreated HT1. Although to date
these complications have been minor compared
with the high mortality and severe morbidity of
HT1 prior to the availability of NTBC, it is
important to be alert to the possible development
of long-term complications and to new therapeu-
tic opportunities. The number of patients and the
overall follow-up time are still relatively small.
Therefore, continued collection of data from each
patient is important for understanding the long-
term course of the disease, and to have high qual-
ity information to share with patients and
families. Future clinical challenges in the diagno-
sis and treatment of HT'1 are discussed elsewhere
in this volume (see Mitchell and Yang, Chap. 19).
Conversely, because of the good results obtained
with the current protocol, new therapies will need
to meet high standards if they are to be consid-
ered to replace the current treatment approach.
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Abstract
Since the introduction of 2-(2 nitro-4-3 trifluoro-methylbenzoyl)-1,
3-cyclohexanedione (NTBC), life expectancy of HT1 patients greatly
improved. However, due to treatment with NTBC, tyrosine concentrations
greatly increase. As a consequence to possible neurocognitive problems,
the main objective of dietary therapy in HT1 is to provide adequate nutri-
tion allowing normal growth and development while strictly controlling
tyrosine levels in blood (and tissues). Although no well-defined target lev-
els exist, tyrosine concentrations below 400 pmol/L are considered to be
safe. To achieve this aim a diet restricted in natural protein and supple-
mented with a special tyrosine and phenylalanine-free amino acid mixture
is necessary.

Dietary management could be strenuous at diagnosis due to several dif-
ferent problems. If vomiting and diarrhea are a major issue at diagnosis,
frequent feeding with additional energy from low protein food is needed
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for catch-up growth. Initiation of dietary treatment is usually easier if
diagnosis is directly after birth. Based on newborn screening when infants
are still reasonable healthy. If presenting clinically infants may experience
serious difficulties in taking the amino acid mixtures probably due to feed-
ing problems while when presenting after some 2—3 months taste develop-
ment and the difference in the taste of amino acid mixtures compared to
regular formula and breast milk increase difficulties with the treatment.
Following a dietary treatment is even harder than taking some medi-
cine. Older children and adolescents often relax the diet and at some age
become reluctant to stick to a strict regimen. Therefore, adequate training
and information should be given to the patients and the family at regular
intervals. To achieve this, a multidisciplinary approach involving pediatri-
cians/physicians, dieticians, psychologists and social workers is an asset
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for the care of patients with HT'1.
Keywords
substitute

Abbreviations

HPPD  4-hydroxyphenylpyruvate dioxygenase

HT1 Hereditary Tyrosinemia type 1

NTBC 2-(2 nitro-4-3 trifluoro-
methylbenzoyl)-1, 3-cyclohexanedione

PKU Phenylketonuria

Until 1992 treatment for Hereditary Tyrosinemia
type 1 (HT1) only consisted of a diet that was
restricted in phenylalanine and tyrosine. Exclusively
restricting dietary tyrosine is not enough as large
parts of the precursor phenylalanine are converted
to tyrosine. The diet sometimes led to temporary
clinical stabilization but did not prevent develop-
ment of liver cancer, renal tubulopathy and other
serious sequelae. Thus, before the era of NTBC
liver transplantation was necessary in every HT'1-
patient sooner or later (van Spronsen et al. 1994).
NTBC has led to a revolution of treatment in
HT1. NTBC inhibits the activity of the enzyme
4-hydroxyphenylpyruvate dioxygenase (HPPD)
upstream from the primary enzyme defect and
thereby prevents production of toxic compounds
(Lindstedt et al. 1992). NTBC gives rise to high
tyrosine concentrations that might compromise

neurocognitive development. Therefore, a diet
low in phenylalanine and tyrosine is essential in
all patients treated by NTBC.

It is essential to meet energy requirements to
strictly prevent catabolism, which may give rise to
elevated tyrosine levels. There are no well-defined
target levels for tyrosine in blood, concentrations
below 400 pmol/L are regarded as reasonably safe
(de Laet et al. 2013; Mayorandan et al. 2014). To
achieve this aim a diet restricted in natural pro-
tein and supplemented with a special tyrosine and
phenylalanine-free amino acid mixture is neces-
sary. The age at diagnosis (and thus the age at start
of treatment) is variable (Mayorandan et al. 2014)
and critically depends on the institution of a new-
born screening programme for HT1.

18.1 Modes of Dietary
Intervention

While the need for tyrosine (and phenylalanine)
restriction is generally accepted, different modes
of dietary intervention are used. In a recent mul-
tinational survey we found that there are differ-
ences in dietary treatment: 24% of centres used
tyrosine and phenylalanine calculation, 38% of
centres used protein restriction or tyrosine and
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phenylalanine calculation (depending on age),
19% of centres used protein restriction or tyro-
sine calculation (depending on age) and 19% of
centres only recommended protein restriction
(Mayorandan et al. 2014).

18.2 Dietary Management

18.2.1 Routine Dietary Management
in HT1

For patients presenting in the first few months of
life, severe vomiting and diarrhea may be a major
issue. These children need frequent feeding with
special food as well as additional energy for
catch-up growth. The additional energy comes
from low —protein food, and special protein-free
modules with high energy content that are com-
mercially available and provide energy without
tyrosine/phenylalanine.

The intake of special amino acid mixtures is
relatively easy when the patient can start with
that regimen in the first few weeks of life. If new-
born screening is not operative, most patients
start treatment beyond the newborn period. Most
of these babies experience serious difficulties in
taking the amino acid mixtures. This probably
relates to the taste development and considerable
differences in taste of the amino acid mixtures
compared to regular formula and breast milk.

The basic dietary principle is a restricted intake
of phenylalanine and tyrosine. This regimen is
comparable to phenylketonuria (PKU) where
only phenylalanine intake is restricted (however,
the intake of tyrosine is increased). In principle,
the intake of phenylalanine in PKU and tyrosine
in HT 1 can be calculated in milligrams per day or
as protein equivalent in gram/day. Counting phe-
nylalanine and tyrosine (in an exchange system)
as well as counting natural protein is a strategy
that works in HT'1 as well as in PKU noticing that
the content of phenylalanine in natural protein is
generally 4.5-5% while the tyrosine content usu-
ally is somewhat lower (Table 18.1).

The food exclusively consists of mother’s milk
or formula supplemented with special tyrosine-
and phenylalanine-free infant amino acid mixtures
during the first 5-6 months of life which makes
management by parents easy. Special tyrosine- and

Table 18.1 Additional practical information for the
dietary treatment

Estimation® of the amino acid content of foods (mg/g

protein)

Food PHE TYR
Fruits 25-30 |25
Vegetables 3540 |25
Bread, crackers, pasta, cereals 50-55 33
Potatoes 40-49 59
Meat, poultry, fish 44-48 34-42
Dairy products 50 50
Egg 53 39

iUSDA Agriculture Research Service, Nutrient Data
Laboratory (http://www.nal.usda.gov/fnic/foodcomp/
search/)

Table 18.2 Protein recommendations based on several
age groups

Protein [g]
per kg body | Protein [g] per kg
weight bodyweight via AAM
Natural
protein + Adapted according to
protein via | DACH 2000
Age AAM recommendations
0-2 months 2.5 2.0-2.5 (to be checked
by dietary protocol)
2-12 months | 2.0 2.0
1-4 years 1.5 1.0
4-10 years 1.2 0.9
10-14 years 1.1 0.9
>14 years 1.0 0.9

The total protein recommendation is on the left side. On
the right side is the protein recommendation only for the
AAM. This corresponds to our DACH reference values.
The difference between the two is the estimated protein
intake of natural foods that you have specified in the sup-
plementary data “Expected natural protein tolerance in
HT1” (supplementary data 1)

phenylalanine-free infant formula can be con-
sumed ad libitum. For the first year of life, the dieti-
tian should calculate nutrient intake at regular
intervals. Supply of energy and natural protein/
tyrosine intake is commensurate with weight devel-
opment and tyrosine levels in blood. The total pro-
tein intake required is calculated based on the
recommendations for the general population and
“some” extra to compensate for the use of 70-90%
of the recommendation of protein as amino acids
mixture. Worldwide we see differences in recom-
mendations in HT'1 for the total protein based on
different insights how much to calculate as com-
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pensation. In the Table 18.2 we show ‘DACH
2000’ for the German-speaking countries.

A whole range of different commercial prod-
ucts with mixtures of l-amino acids devoid of
phenylalanine and tyrosine, supplemented with
vitamins and minerals, are available on the mar-
ket providing essential amino acids and micronu-
trients (Table 18.3). For older children the amino
acid mixture can be calculated according to
‘DACH recommendation 2000°. The minimum
protein requirement is completely supplied by
special amino acid mixtures (see Table 18.3)

The phenylalanine requirements for healthy
individuals are subject to discussion as reviewed

by Pencharz et al. (2007). Such studies are neces-
sary for all age groups and are very laborious.
Initial data suggested that phenylalanine and
tyrosine intake (in total for both) should be some-
where between 15 and 39 mg/kg per day with a
ratio of 60:40. However, later studies have shown
that phenylalanine intake by itself should be
between 38 and 48 mg/kg per day. Therefore, the
maximum phenylalanine requirement (if no tyro-
sine is given) is considered to be 42 mg/kg per
day, while about 9 mg/kg per day is needed when
enough tyrosine is provided.

Some children with HT1 on a phenylalanine/
tyrosine -restricted diet have been found to have

Table 18.3 Special dietary products (metabolic formula) for tyrosinemia®

Protein Energy Micronutrients
Product equivalent (g) | (kcal) Age indication Flavored added
Powdered (400-500 g cans); details shown for 100 g
TYR Anamix Early Years 13.5 473 Infants, children - +
<3 year
TYR Anamix Next 28 385 >1 year - +
XPhe, XTyr Maxamaid 25 324 Young children + +
XPhe, XTyr Analog 13 475 Infants, children - +
<3 year
XPHEN, TYR Maxamaid 25 309 Young children - +
XPHEN, TYR Maxamum 39 297 Older children and | — +
adults
Tyrex-1 (Abbott) 15 480 0-12 month - +
Tyrex-2 (Abbott) 30 410 >1 year — +
Comida-TYRo A 11.8 506 0-12 month - +
Comida-TYRo B 31.1 420 1-14 year - +
Tyros 1 (Enfamil) 16.7 500 Infants, toddlers - +
Tyros 2 (Enfamil) 22 410 Children, adults + +
Zero TP Infant mix LCP 11 508 Infants - +
Zero TP Kid 72 289 4 month’s-6 year =S +
Zero TP junior 75 300 7-14 year -S +
Zero TP Advance 77 309 >15 year -S +
Prepacked portions
Tyr Gel (Vitaflo) 10 81 >] year -S +
Tyr Express 15 (Vitaflo) 15 74 >3 year -S +
Tyr Express 20 (Vitaflo) 20 99 >3 year =S +
Zero TP minis (MetaX) 5 24 >3 year +
Ready to use
Cooler 10 (Vitaflo) 10 62 >3 year + +
Cooler 15 (Vitaflo) 15 92 >3 year + +
Cooler 20 (Vitaflo) 20 124 >3 year + +
Tylactin RTD (Cambrooke) |15 200 Children, adults + +
Tylactin restore 10 170 Children, adults + +
(Cambrooke)

(continued)



18 Dietary Considerations in Tyrosinemia Type | 201
Table 18.3 (continued)
Protein Energy Micronutrients

Product equivalent (g) (kcal) Age indication Flavored added

TYR Lophlex LQ 20 120 >4 year + +

PT-am infant 13 466 0-12 month - +

Milupa Tyr 1 50 290 > (0 month - +

Milupa Tyr 2 prima 60 289 1-8 year - +

Milupa Tyr 2 secunda 70 291 9-14 year - +

Milupa Tyr 3 advanta 70 297 >14 year - +

PT-am Anamix 29 374 >3 year + +

Frucht Vanille

Tyr Anamix Junior LQ 8 95 <3 year + +

orange

Tyr lophlex LQ 20 Juicy 16 96 >4 year + +

Berries

*Worldwide, different products and other manufacturers are available; see country details on websites

+ =Yes; — = No; S = separate flavoring

low phenylalanine levels (Wilson et al. 2000; van
Vliet et al. 2015). There has been concern that
these low levels could be detrimental to the child’s
development, and it was thought that the addition
of phenylalanine to the diet would increase levels
in blood and tissues without increasing the tyro-
sine level. An initial study found that supplement-
ing the diet with an additional 2040 mg/kg per
day phenylalanine increased the blood phenylala-
nine concentration while maintaining the tyrosine
level (Wilson et al. 2000). Therefore, supplemen-
tation with phenylalanine may be beneficial, but
the risk of high tyrosine should always be kept in
mind. Further long-term studies are required
before a recommendation for standard supple-
mentation can be given. In this context, it should
be considered whether normal bread instead of
phenylalanine should be provided. This is based
on the fact that normal bread contains more phe-
nylalanine than tyrosine (Table 18.1). This relax-
ation is likely to improve dietary compliance.

18.2.2 Special Issues Regarding Diet
in HT1

Diagnosis and initiation of dietary and pharmaco-
logical treatment are a big challenge for affected
families. In “Additional practical information for
the dietary treatment” (Table 18.1) we give practi-
cal recommendations to start dietary treatment.

A new period begins when the child can open
the cupboard or fridge himself. When patients
grow-up and become independent of their par-
ents, new issues may arise: going to school and
eating out, acceptance of dietary requirements by
their peers, having parties etc.. Special attention
has to be paid to new responsibilities and creative
introduction of new roles to parents and the
patient. Adolescence is a very difficult period for
the patient, aspects like self-empowerment are
important issues. The family and the child must
be well trained and informed at regular intervals
starting in early childhood and continuing during
adulthood.

Following a dietary treatment is even harder
than taking some medicine. A simple food selec-
tion is useful to improve dietary compliance (see
Table 18.4). Young people often relax the diet
and are reluctant to stick to a strict regimen.
Before they stop sticking to their diet, a wider
food selection should be considered. This should
be discussed with physician and dietician.

Other issues may include the reimbursement
of amino acid mixtures and low protein foods
that varies around Europe already (Belanger-
Quintana et al. 2012). From Mayorandan et al.
(2014) we know that reimbursement of HT1
treatment varies considerably, similar to PKU
(Ahring et al. 2009).

While age-specific target levels for phenylala-
nine exist in PKU, the situation in HT1 is less
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Table 18.4 Simple recommendations for the older patient when choosing food

Very low protein food Moderate protein food
< 2-3 g protein per 100 g < 6 g protein per 100 g High protein food
Fruit Normal bread and Meat
Vegetables Bakery products Sausage
Potatoes, rice (under 6 g E/100 g) Egg
Butter, oil, mayonnaise, tartar sauce Pasta Poultry
Cream, creme fraiche, sour cream Milk Fish
Sugar, Nuts Seafood
Sugar confectionery
Juice drinks and lemonade
Rice milk, oat milk
Special low protein foods
You can eat as much as you like! Be careful! Not allowed
May be taken depending on your
tyrosine level

clear. In PKU we know that diet for life is required
in adults and women who aim to become preg-
nant have to stick to a stricter diet, we cannot give
recommendations for HT1 yet.

Like in PKU, glycomacropeptide may be a
dietary option, their role in the treatment of HT'1
still has to be elucidated. In its pure form, glyco-
macropeptide does not contain phenylalanine nor
tyrosine. Due to the fact that the glycomacropep-
tide has to be removed out of the whey protein,
the product will contain some phenylalanine and
tyrosine.

18.2.3 Dietary Management
and Follow-Up

The objective of dietary therapy in HT1 is to pro-
vide adequate nutrition allowing normal growth
and development while strictly controlling tyro-
sine levels in blood (and tissues). Changes in
growth velocity, intercurrent illness and dietary
indiscretions may result in large fluctuations of
tyrosine concentrations. Therefore, especially
during the early years, we need a very frequent
follow-up by (home) blood sampling and fre-
quent clinical and laboratory checks at the outpa-
tient clinic with dietary assessment.

To conclude, life-long adherence to the tyro-
sine and phenylalanine restricted diet is necessary
to prevent tyrosine concentrations to increase.
Regular follow-up of growth, development and

metabolic control needs to be done to ensure suf-
ficient intake of all amino acids, especially includ-
ing phenylalanine. Adherence to the dietary
treatment is however a great challenge when the
patient gets older. This, in combination with other
issues associated with the disease, makes multi-
disciplinary treatment necessary. A multiprofes-
sional team with expertise in the treatment of HT'1
patients including paediatricians/physicans, dieti-
cians, psychologists and social workers is an asset
for the care of patients with HT1. To this aim
Centers of Expertise are being formed throughout
Europe to guarantee optimal care. These Centers
of Expertise are members of a specific European
Reference Network.

Supplementary Data

Supplementary data 1: Expected natural protein tolerance
in HT1

Protein Protein
Age years g/d g/kg/d
<2 2-6 0.4-0.5
2-9 5-10 0.2-0.5
10-14 9-20 0.3-0.4
>15 11-25 0.2-0.4

Around 70-90% from total protein must be covered by the
amino acid mixture

Notice: natural protein tolerance individually to be
defined. Intake of tyrosine/natural protein is altered
according to plasma tyrosine concentrations (influenced
by residual enzyme activity, growth velocity
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Supplementary data 2: Contact information for manufacturers of tyrosine- and phenylalanine-free medical foods

Manufacturer and website address

Contact details

Abbott Nutrition

3300 Stelzer Road, Columbus, OH 43219

www.abbottnutrition.com

Office Phone: 614-624-4416, Toll Free: 800-986-8755

Cell: 614-264-4388, Fax: 614-727-4416

Vitaflo

Distributed by Vitaflo USA

www.vitaflousa.com

211 N. Union St. Suite 100, Alexandria, VA 22314

Phone: 1-888-VITAFLO (1-888-848-2356), Fax:
1-631-693-2002

Email: vitaflo@vitaflousa.com

Vitaflo Europe

Vitaflo International Ltd

www.vitaflo.co.uk

Suite 1.11, South Harrington Building, 182 Sefton Street
Brunswick Business Park

Liverpool L3 4BQ UNITED KINGDOM

Metabolic product queries: +44 (0)151702 4938

Email: vitaflo@vitaflo.co.uk

Mead Johnson (Enfamil)

Phone: 1-812-429-6399

www.meadjohnson.com/pediatrics/us-en/product-
information/products

Email: mjmedicalaffairs @mjn.com

Cambrooke

4 Copeland Drive, Ayer, MA 01432

www.cambrooke.com

Phone: 866,456 9776, Fax: 978,443 1318

Mail: info@cambrooke.com

Nutricia-NA USA

Phone: 301-795-2300 or 1-800-365-7354

www.medicalfood.com

Fax: 301-795-2301

Nutricia-NA Canada

Phone: 877-636-2283

www.Nutricia-NA.com

Fax: 514-745-6625

Nutricia

Nutricia Advanced Medical Nutrition

http://www.nutricia.com

Danone Place Schiphol, Tower E, World Trade Centre

1118BG Schiphol, The Netherlands.

Phone: +31 20,456 9000

Email: medicalnutrition @nutricia.com

Dr Schir

In various countries with various phone and

http://drschaer.com

e-mail contacts around the world as in UK,

Germany, Italy, Spain and with a translated

website in various languages.

MetaX

www.metax.org/EN/Products/Metabolics.aspx

Email: info@metax-gmbh.de

Nutricia GmbH

Email: info-metabolc @nutricia.com

www.nutricia-metabolics.info

Phone: 00800-74773799

Supplementary data 3: Monitoring the diet

Age Frequency
0-6 Months Fortnightly
6-12 Months Fortnightly to monthly
1-2 Years Quarterly
(when applicable monthly Tyr-Phe in bloodspot)
>3 Years Every 3-6 months
(when applicable monthly Tyr-Phe in bloodspot)

As soon as nutritional support is well established for the patient, the prescription should be routinely and frequently
fine-tuned to growth and lab results. Changes in intake take time to be reflected in lab results. The time needed to evalu-

ate effects increases with age


http://www.abbottnutrition.com
http://www.vitaflousa.com
http://www.vitaflo.co.uk/
http://www.meadjohnson.com/pediatrics/us-en/product-information/products
http://www.meadjohnson.com/pediatrics/us-en/product-information/products
http://www.cambrooke.com
http://www.nutricia-metabolics.info
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Monitoring of Nutritional Status

¢ Plasma amino acids

¢ Nutrient intake

e Growth (linear and weight)

e Condition of hair and skin

e Biochemistry

can verify the adequacy of intake.

Introduction of Solids: Follow
General Advice When Possible

e At about 4-5 months of age

* Developmental readiness

e Important source of unidentified nutrients
such as fiber

* Contributing to a child’s acceptance of a vari-
ety of tastes and textures

e Development of jaw muscles important for
speech
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Remaining Challenges 1 9
in the Treatment of Tyrosinemia
from the Clinician’s Viewpoint

Grant A.Mitchell and Hao Yang

Abstract

This chapter provides a clinical perspective on the challenges that stand between
current clinical practice and a cure for hepatorenal tyrosinemia (HT1). HT1 has
been transformed in the last 50 years from an aggressive often undiagnosed child-
hood disease causing liver failure or liver cancer, with infant death in most
patients, to a condition that is detectable at birth, and for which treatment with
nitisinone (NTBC) and diet can prevent detectable liver or kidney abnormalities.
What challenges remain? The properties of the affected metabolic pathway and
the broad spectrum of severity seen in untreated patients are incompletely under-
stood but potentially important for patients. Available treatments have potential
complications, including liver transplantation (risks of surgery and of immuno-
suppression to prevent rejection), nitisinone and diet therapy (hypertyrosinemia,
corneal opacities, nutritional imbalances and possibly developmental delay). The
detection of liver cancer is imperfect and laborious. The effects of tyrosinemia
during pregnancy are little-known. Although animal models of HT'1 are becom-
ing standard research tools in cell replacement and gene modification therapy,
these techniques are not currently applicable to HT' itself. Treatment adherence
is variable, causing concern about long term outcome for some patients. Around
the world, there are great disparities in the diagnosis and treatment of HT1. Most
affected individuals are born in places where newborn screening for HT'1 is not
performed and where appropriate treatment is not available. We hope that this list
will help to focus on some of these remaining obstacles to a cure for HT'1.
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Keywords
Abbreviations
4HPPD  4-hydroxyphenylpyruvate dioxygenase
AFP Alpha fetoprotein
FAA Fumarylacetoacetate
FAH Fumarylacetoacetate hydrolase
HCC Hepatocellular carcinoma
HTI1 Tyrosinemia type 1
NTBC  Nitisinone (2-(2-N-4-trifluoromethy
Ibenzoyl)-1,3-cyclohexanedione)
SA Succinylacetone.
19.1 Introduction

There are few medical conditions for which treat-
ment has a greater beneficial effect than hepa-
torenal tyrosinemia (HT1). Newborn screening,
liver transplantation and treatment with nitisi-
none and diet have transformed the outcome of
HT1. Early reports of HT1 describe a course of
suffering. Most patients had progressive liver dis-
ease leading to death from acute liver failure in
infancy. Painful neurologic crises occurred in
some patients, sometimes with fatal respiratory
paralysis or with limb weakness that required
months to recuperate. Some patients showed a
more prolonged clinical course, developing cir-
rhosis, chronic liver failure and liver cancer, often
with renal tubulopathy and rickets, and death
during childhood or sometimes in young adult-
hood. The availability of liver transplantation
revolutionized the surgical treatment of HTI,
allowing normal liver function and removing
the high risk of developing liver cancer. The use
of nitisinone plus a phenylalanine- and tyrosine-
restricted diet was a radical improvement in med-
ical treatment. Within the first hours of treatment
with nitisinone, there is a marked reduction of
the levels of toxic metabolites, which persists
through the course of treatment (Larochelle et al.

2012). Current data indicate that a patient with
HT1 who is detected by neonatal screening, who
receives early treatment with diet and nitisinone,
and who adheres to this treatment, can expect to
have normal liver and kidney function and free-
dom from neurological crises, and can avoid liver
transplantation. At first glance, one might speak
of a “cure” and relegate outstanding questions to
a category of minor curiosities.

Patients remind us that for most people, “cure”
means the enjoyment of normal health, prefera-
bly with no limitations upon the choice of life-
style. From this perspective, it is well to consider
some of the clinically important obstacles to cure
for HT'1 that remain at every level from cell phys-
iology to health care policy.

19.2 The Biology of Tyrosinemia

Much is still unknown about the biology of
tyrosinemia. HT1 is caused by genetic deficiency
of the last step of the degradation pathway of
phenylalanine and tyrosine. This classic meta-
bolic pathway is a staple of introductory courses
in genetics and biochemistry. Other diseases
related to this pathway include phenylketonuria
(the first inborn error of amino acid metabolism
for which dietary treatment was shown to be
efficacious and the first aminoacidopathy for
which newborn screening was introduced
(Scriver 2007)) and alkaptonuria (one of the four
conditions that inspired Garrod to develop his
concept of biochemical individuality (Scriver
2008)). These six enzymatic steps still can sur-
prise us.

To cite one example, many HT1 patients
treated by diet and NTBC have low phenylala-
nine levels. This is the opposite of what was
expected. Plasma phenylalanine levels were pre-
dicted to increase, because phenylalanine is situ-
ated before the metabolic block induced by
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Fig. 19.1 The tyrosine degradation pathway.
Understanding the structure of this pathway is useful for
understanding the unique clinical challenges in HTI.
Fumarylacetoacetate (FAA) and possibly maleylacetoace-
tate (MAA) are reduced to succinylacetoacetate (SAA)
(Lindblad et al. 1977). SAA can spontaneously decarbox-
ylate to form succinylacetone (SA) (Lindblad and Steen
1982), which is used to screen and to diagnose HT1. FAA
and MAA are toxic and can react with other molecules,
causing mutations in DNA (Jorquera and Tanguay 1997),
succinylacetone adducts in proteins (Manabe et al. 1985)
and oxidative stress with depletion of glutathione (GSH)
(Stoner et al. 1984; Langlois et al. 2008). Other abbrevia-
tions not used in the text: HGA homogentisic acid, HGD
homogentisic acid 1,2-dioxygenase, MAAI maleylaceto-
actate isomerase

NTBC (Fig. 19.1). The reason why some NTBC-
treated HT'1 patients have low phenylalanine lev-
els is not clear, but it affects patients, many of
whom are supplemented with phenylalanine to
maintain their plasma level of phenylalanine in
the normal reference range.

19.3 Natural Phenotypic Diversity
in HT1

Before the availability of NTBC, HT1 patients
from opposite ends of the clinical spectrum were
scarcely recognizable as having the same disease.
Early articles distinguished between “acute” and

“chronic” patients. The former developed liver
failure in the first few months of life. “Chronic”
patients developed cirrhosis, liver cancer and
renal Fanconi syndrome. Patients with intermedi-
ate clinical courses were reported, and occasional
patients survived to adulthood with mild growth
retardation and apparently normal liver function.
The neurological phenotype was also incom-
pletely penetrant (Mitchell et al. 1990). This is
reminiscent of acute intermittent porphyria, a
biochemically-related condition in which a high
fraction of affected individuals are clinically
asymptomatic (Whatley and Badminton 1993).

One author (GM) recalls an illustrative family
with three affected siblings. The first died in
infancy of liver failure, before the availability of
screening. The second was treated from birth
with diet and had an uneventful pediatric course,
but had progressive renal disease with declining
glomerular filtration rate during adolescence.
This patient was considered for combined liver-
kidney transplantation before the availability of
NTBC. With NTBC treatment however, glomer-
ular function improved somewhat then had
remained stable for nearly twenty years.
Transplantation has been avoided. Genetic stud-
ies of the patient and the parents later showed that
the patient was homozygous for the Québec
founder mutation. Encouraged by the initial clini-
cal course of the second affected child, the par-
ents had another pregnancy. The child was also
affected. Although treated by diet from the neo-
natal period, the third affected sibling developed
signs compatible with a severe neurologic crisis
during which she died. This example shows that,
even within a single family, affected siblings that
are homozygous for a classical disease-causing
FAH allele can have markedly different clinical
courses dominated by each of the principal clas-
sical target organs of tyrosinemia.

The classical clinical observations show
clearly that protective factors exist. Presumably
these involve genetic variants in genes other than
FAH and also dietary and other environmental
factors. Today, this broad natural clinical spec-
trum is concealed by NTBC treatment. However,
it shows that naturally-occurring factors exist
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which, if they could be defined, might identify
important variables that might direct the develop-
ment of new treatments for tyrosinemia.

19.4 Medical Treatment with Diet
and NTBC

It is important to establish the levels of tyrosine
that indicate optimal control. Patients are clini-
cally asymptomatic over a broad range of con-
centrations of plasma tyrosine. It is tempting to
counsel perfection, and to recommend that
plasma levels of tyrosine should be maintained in
the normal reference range. In practice this is
impossible. In NTBC-treated patients who
receive enough phenylalanine plus tyrosine to
allow normal growth and maintenance, the level
of plasma tyrosine is elevated.

It is clear that uncontrolled hypertyrosinemia
is to be avoided. One complication that is directly
related to high plasma tyrosine is the occurrence
of corneal crystals. These are irritating, painful
and reversible by adherence to a diet with low
phenylalanine and tyrosine content. There are
reports of impaired psychomotor function in some
HT1 patients (see below). Whether this is related
to hypertyrosinemia is unproven but developmen-
tal delay has been reported in other types of tyro-
sinemia (reviewed in Mitchell et al. 2001). Given
these considerations, it is reasonable to maintain a
level of tyrosine as close as possible to normal
and that permits normal growth. This is becoming
easier, because of the development of many palat-
able low protein foods and of nutrient mixtures
devoid of tyrosine and phenylalanine for which
the packaging and taste are increasingly attractive
to patients. Current dietary treatment practices are
reviewed elsewhere in this book (See Chap. 18 by
van Spronsen et al. and Chap. 17 by the Québec
NTBC study group).

What is an acceptable level of SA? Many arti-
cles speak of patients under NTBC treatment as
being “negative” for SA. This gives the false
impression that SA is completely absent. In fact,
when assayed by sensitive methods, SA is mea-
sureable even in nontyrosinemic individuals

(Jakobs et al. 1985). The levels of SA in untreated
HT1 are about 1,000-fold above normal.
Currently-employed cut-off levels are likely ade-
quate for the diagnosis of HT1 in non-NTBC
treated patients. However, to establish “safe” lev-
els of SA at which the risk of liver cancer is not
different from that of the general population, a
large amount of prospective data and routine sen-
sitive measurement of SA levels will be required.
We speculate that the “safe” level will fall in the
grey zone that lies between the reference range of
SA concentration in normal individuals and the
threshold of detection of routine diagnostic
techniques.

19.5 HT1 and Neurodevelopment

Delayed development and attention deficit disor-
ders have been reported in patients with HT1
treated with diet and nitisinone (Mayorandan
et al. 2014; Thimm et al. 2012). Most patients in
the Québec NTBC protocol who are treated with
NTBC and diet attend age-appropriate classes in
school and some young adult patients are now in
post-secondary training or in the workforce.
Some are academically talented; others require
special help. An study of psychomotor develop-
ment of HT1 patients in Québec was performed
in the first years of the Quebec NTBC Study. No
significant differences were seen with the control
group (in preparation). However, the question of
psychomotor development in HT1 patients is
very important. A prospective study of psycho-
motor evaluation of HT1 patients is underway as
part of the Québec NTBC treatment protocol.

19.6 Liver Cancer in Tyrosinemia

Early detection of hepatocellular carcinoma
(HCC) is a priority for the clinical manage-
ment of HT1. Nontransplanted HT1 patients,
even if they are treated by NTBC, are consid-
ered to be at risk and are followed for the
development of HCC. Current protocols are
discussed in the chapters in this volume by the
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Quebec NTBC Study group and medical man-
agement of liver complications (See Chap. 6 by
Halac et al.). Patients can be reassured that cur-
rent surveillance protocols detect the great
majority of liver cancers at an operable stage.
Conversely, it is important to recognize that
there is no perfectly reliable marker for the
early detection of HCC in tyrosinemia. Some
HCCs are associated with normal or only
mildly elevated plasma levels of alpha fetopro-
tein (Paradis et al. 1990). Some HCCs have
subtle or atypical imaging characteristics. The
development of reliable noninvasive methods
for early detection of HCC in HT1 deserves a
high priority in tyrosinemia research.

A fundamental unanswered question is
whether the behavior of HCC that develops in
tyrosinemic patients resembles that of HCC
resulting from other causes. Histologically, liver
cancers in HT1 patients resemble those occuring
in other conditions. However, the metabolic envi-
ronment inside HT'1 hepatocytes is different from
that of other liver diseases. In HT1 patients that
are not treated with NTBC, hepatocytes continu-
ally produce toxic compounds that are found
only in HT1 (Fig. 19.1) and HCC often develops
in childhood or adolescence. In non-tyrosinemic
patients with HCC, the precipitating factors,
when known, are usually exogenous, such as
infections or environmental toxins, and patients
are usually adults. This is discussed further in
this volume, in the chapter dealing with hepatic
transplantation. In clinical practice, it cannot be
assumed that HCCs in HT1 and in other condi-
tions arise by the same steps or that the cancers
will behave in the same way. Further understand-
ing of the distinct features of HCC in tyrosinemia
may yield important information about the clini-
cal management of HT'1.

Liver transplantation revolutionized the treat-
ment of HT1 but it carries the risks of operative
complications including death, and of medical
complications such as graft rejection. If in the
future major improvements occur in surgical
safety, organ availability or host tolerance of liver
transplants, these developments could change the
approach to treatment.

19.7 HT1 and Pregnancy

Pregnancy in women affected by HT1 is a largely
unexplored domain. Three situations can occur:
pregnancies in which the fetus is affected by
HT1, in which the mother is affected by HT'1, and
in which both are affected.

The first situation is the commonest. In most
pregnancies with a HT1 fetus, the mother is a
healthy heterozygote who does not herself require
NTBC treatment. In most instances the couple
does not know that they are at risk and learns this
only after the birth of an affected newborn. In
some instances, such as for couples from regions
of high risk in Québec, carrier screening for prev-
alent mutations is available. If both spouses are
known to be carriers, preconception genetic
counselling and preimplantation or prenatal
molecular diagnoses are discussed. If such cou-
ples decide upon a pregnancy, and wish to con-
tinue the pregnancy even if the fetus is affected,
invasive, prenatal diagnosis is not necessary,
because it currently does not change medical or
obstetrical management of the pregnancy. At
birth, diagnosis can be performed rapidly.
Treatment can be started shortly after birth if the
child is affected.

Only a small number of pregnancies are
recorded in mothers who are under medical
treatment for HT1 (Kassel et al. 2015;
Vanclooster et al. 2012; Garcia Segarra et al.
2010). To our knowledge there is no evidence
that NTBC is teratogenic in humans, but cur-
rently-available data are insufficient to conclude
on this point. Current recommendations, based
on general considerations, are that nontrans-
planted tyrosinemic women who wish to become
pregnant should continue treatment with NTBC
and diet. We recommend that strict dietary and
pharmacologic monitoring be performed start-
ing before conception, and that contraception be
stopped only when sustained adequate biochem-
ical and pharmacological control is attained. It
would be dangerous to stop NTBC treatment
before or during pregnancy. This is because it is
predicted that hepatic or neurological decom-
pensation could occur within days after NTBC
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is stopped, and such complications could endan-
ger the health of the mother and the fetus. Of
note, liver transplantation is not a contraindica-
tion to pregnancy, and women with HT1 who
were treated by liver transplantation have had
normal pregnancies.

One pregnancy has been described in a
woman with HT1 whose fetus was also affected
(Garcia Segarra et al. 2010). NTBC and diet
treatment were prescribed, although adhesion to
treatment recommendations was suboptimal. Of
note, the level of AFP in cord blood was normal.
In HTI patients, alpha fetoprotein is increased
at birth (Hostetter et al. 1983). Therefore it is
reasonable to suspect that prior to birth, the liver
of HT1 fetus is subject to a period of toxicity.
Based on this admittedly anecdotal report of a
single affected fetus exposed to NTBC before
birth, it appears likely that prenatal treatment of
the mother with NTBC protected the fetal liver.
At present, NTBC treatment during pregnancy
of non-tyrosinemic women bearing an affected
fetus cannot be recommended, because it
exposes the fetus and the mother to NTBC and
to nonphysiologically high maternal plasma lev-
els of tyrosine and to the potential risks a subop-
timal artificial diet during pregnancy. Prenatal
treatment does not seem necessary because
newborns treated within the first month of life
rapidly gain normal liver function (see Chap. 17
about the Quebec NTBC study protocol). This
important observation does however hold excep-
tional interest and must be noted as more infor-
mation is gathered about HT1 and NTBC in
pregnancy.

Because of the scarcity of available data,
recording and compiling data on all pregnancies
is a useful goal. Firm evidence-based recommen-
dations are lacking for nearly all aspects of preg-
nancy and HT1. Preliminary data are promising
as regards teratogenicity and fetal and maternal
health during pregnancy. However, compiling
clinical information about all pregnancies of
women with HT1 is an important and feasible
clinical priority.

19.8 The Psychological Paradigm
Shift

Families that have not experienced the complica-
tions of untreated HT1 on a first-hand basis may
have a different relationship to the disease than
those in which an affected person has been gravely
ill. The treatment of HT1 involves a palatable but
lifelong special diet and taking NTBC every day.
Some families and some adolescent and young
adult patients become focused on the negative
aspects of this situation. Some patients who have
never been symptomatic question whether HT' is
really a severe condition. Some adopt a non-
adherent lifestyle, and risk the complications of
untreated tyrosinemia. The problem is com-
pounded by the efficiency of treatment. Patients
are asymptomatic when adherent to treatment and
periods of non-adherence are often not accompa-
nied by symptoms. We have repeatedly seen
hypertyrosinemia with corneal lesions and neuro-
logical crises in patients who do not adhere to rec-
ommendations for diet and NTBC treatment.

It is unknown to what extent chronic non-
adherence to NTBC administration influences the
accumulation of mutations in the liver and the
risk of liver cancer. Clinical assessment of liver
function is usually normal in non-adherent
patients, although within a few days after com-
pletely stopping NTBC, AFP levels can start to
increase. SA levels increase if the levels of NTBC
are subtherapeutic. The concentration of SA is
presumably related to the intracellular concentra-
tion of fumarylacetoacetate, the substrate of the
enzyme deficient in HT1 (Fig. 19.1).
Fumarylacetoacetate is a reactive compound. It is
felt to deplete antioxidants and may act directly
as a mutagen. No liver cancer has yet been
detected in any patient in the protocol who was
treated from the time of newborn screening, even
patients with suboptimal adherence to the pre-
scribed therapy. Basic considerations however
strongly suggest that periods of non-adherence to
NTBC will be accompanied by reduced liver pro-
tection and perhaps by increased mutagenesis,
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which is predicted to increase the lifetime risk for
the development of liver cancer.

Communication with patients and families
about the importance of long term treatment
adherence and a better understanding of the psy-
chology underlying patient decisions about treat-
ment adherence are important in all medical
situations and this is especially true in
tyrosinemia.

19.9 New Genetic Therapies

For three decades, it has been proposed to geneti-
cally modify liver cells in order to treat tyrosin-
emia. Progress has been made, most recently
with the popular CRISPR technology of gene
modification (Sander and Joung 2014; Yin et al.
2014, 2016). Because of the widespread media
attention that focusses on such promising and
spectacular techniques, it is not rare for parents to
directly question physicians about these tech-
niques. The physician must be prepared to pro-
vide a reasoned answer to such anxious and
understandable questioning.

It is to be hoped that efficient and specific
modification of the FAH gene will be applicable
to HT'1 at some point in the future. However, one
important consideration suggests strongly that
the use of cell or gene modification treatments
will be more challenging in tyrosinemia than in
many other genetic liver diseases. In most of
these conditions, the ability to introduce normal
function of the deficient gene in most cells of the
liver would suffice to produce a clinical cure. In
HT1, available evidence strongly suggests that
all HT'1 cells would have to be replaced.

All indications suggest that the pathophysiol-
ogy of HT1 in the liver and kidneys is cell-
autonomous. This is an important concept for
clinicians and patients. It means that one or more
hepatocytes with FAH deficiency, even if it is sur-
rounded by cells with normal FAH activity and

normal function, and even if it is exposed to a
normal extracellular concentration of tyrosine,
will produce the toxic compounds at the end of
the tyrosine degradation pathway just as if it were
surrounded by FAH-deficient cells. Such a cell
could accumulate mutations and would be at high
risk of becoming a cancer. The cell autonomy
concept is strongly supported by clinical obser-
vations and basic reasoning. Clinically, before
the availability of NTBC, many HT1 patients had
normal plasma levels of tyrosine and phenylala-
nine (reviewed in Mitchell et al. 2001). Also,
some patients were demonstrated to have rever-
tant nodules that contained normal FAH activity
(Kvittingen et al. 1994). However, despite this,
these HT'1 patients developed cirrhosis and some-
times cancer.

Biochemically, FAA and also its precursor,
maleylacetoacetate (Figure), are unstable. They
are thought to react with other intracellular mol-
ecules before they can escape from cells, causing
mutations and other damage. Even if the sur-
rounding cells are normal, only a fraction of FAA
and MAA would escape from the HT1 cell for
degradation by the surrounding normal cells.
Therefore, cell(s) deficient in FAH would con-
tinue to produce and to be damaged by these
toxic compounds. Such cells might become a
cancer.

The presence of cell autonomous damages in
HT1 has not been explicitly proven, but it is sup-
ported by available evidence. It must be consid-
ered in evaluating any treatment strategy for HT'1
involving cell replacement or gene therapy. A
treatment that proposes the genetic or metabolic
correction of some but not all HT1 hepatocytes
would have to be combined with a satisfactory
additional strategy to eradicate or otherwise deal
with any remaining FAH-deficient hepatocytes.
If techniques become available to identify and
efficiently destroy FAH-deficient hepatocytes,
they could change the treatment paradigm for
HTI.
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19.10 Universality

Methods of newborn screening and treatment
described in this volume allow affected individu-
als and families to enjoy a high level of health,
but we suspect that a large fraction of children
born today with HT1, perhaps the majority, still
endure the natural course of HT1 as described in
the first paragraph of this chapter. The greatest
disease burden of tyrosinemia is now in places
without screening. There, patients present with
clinical signs and may already have permanent
damage to their liver and other organs. In the
developing world, the treatments discussed above
for tyrosinemia are often not available. In many
cases, the diagnosis of HT1 may not be consid-
ered at presentation or during the course of the
disease.

The diagnosis and treatment of tyrosinemia
and of inborn errors in general in the third world
is complex, and is dominated by the extreme pen-
ury of resources. We cannot propose a solution,
but in the quest to cure tyrosinemia, it is impor-
tant to recall that the majority of the world’s HT'1
patients are probably not treated, and to be alert
to opportunities to improve access to modern
care for the largest possible number of these
individuals.

The course of tyrosinemia has been repeatedly
transformed by innovative ideas in biochemistry,
genetics, medicine, surgery and public health.
Hopefully the list of remaining challenges pro-
vided in this chapter may help to identify some
milestones on the route to a cure.
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Fah Knockout Animals as Models 20
for Therapeutic Liver Repopulation

Markus Grompe

Abstract

Several animal models of Fah deficiency have been developed, including
mice, pigs and most recently rats. Initially, the murine models were devel-
oped with the intent to mirror the human disease for pathophysiologic and
therapeutic studies. However, it soon became apparent that Fah-positive
hepatocytes have a potent selective growth advantage in mutant liver and
can extensively repopulate the diseased organ. For this reason, Fah mutant
mice have become a workhorse for liver biology and are widely used in
liver stem cell and hepatic gene therapy research. Immune deficient Fah-
knockout mice can be repopulated with human hepatocytes, creating
“mice with human livers”. These chimeric animals have become an impor-
tant preclinical model for infectious diseases, metabolism and gene ther-
apy. The potent expansion of human hepatocytes in Fah knockout mice has
given rise to the concept of using Fah mutants as living bioreactors to
produce large quantities of fully mature hepatocytes. As a consequence,
larger animal models of Fah deficiency have recently been developed.
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20.1 Mouse Models of Fah
Deficiency

20.1.1 FAH Deficiency and the
Hepatocyte Specific

Developmental Regulation
Locus (hsdr-1)

The ¢!¥*S Jethal albino mouse is one of a series of
mutants bearing large overlapping X-ray induced
deletions of chromosome 7 (Gluecksohn-Waelsch
1979; Russell et al. 1979), discovered in the
1970s. Mice homozygous for the ¢'#“*S deletion
die within a few hours after birth and display a
striking hepatic phenotype. The mRNA levels of
many cAMP inducible hepatic enzymes are
absent or reduced. These include tyrosine amino-
transferase (7at) (Schmid et al. 1985), glucose-6
phosphatase (G-6P) (Gluecksohn-Waelsch 1979),
glutamine synthetase (Gs) (Gluecksohn-Waelsch
1979),  phosphoenolpyruvate  carboxykinase
(Pepck) (Loose et al. 1986), aldolase B and albu-
min (Ruppert et al. 1990; Sala-Trepat et al. 1985).
In contrast, other liver mRNAs inducible by DNA
or oxidative damage such as Chop and Nmo-1 are
increased (Fornace et al. 1989; Petersen et al.
1989). Histological abnormalities are also found
in both liver and kidney in these mice. Because of
this down-regulation of multiple liver enzymes in
the homozygous deletion, it was hypothesized
that a liver transcription factor (hepatocyte spe-
cific developmental regulation locus = hsdr-1) is
localized within the region (Niswander et al.
1991; Ruppert et al. 1990, 1992).

In 1992, however, two groups found that the
mouse Fah gene was within the ¢S deletion
and thus Fah became a candidate to represent the
hsdr-1 gene (Klebig et al. 1992; Ruppert et al.
1992). Subsequently, our work (Grompe et al.
1993) and that of the Schiitz group (Kelsey et al.
1993) has clearly shown that FAH deficiency is
responsible for all the major phenotypic effects
of the ¢'**S deletion.

Hence, Fah and hsdr-1 are actually identical
and the profound gene expression changes found
in the lethal albino mouse are not caused by a
mutation in a transcription factor, but in a meta-
bolic enzyme.

20.1.2 The Fah***°"> Mouse

Before it was known that the lethal albino
mouse was a model for Fah deficiency our lab
decided to create a model of hereditary tyrosin-
emia by knocking out the gene in embryonic
stem cells (Fig. 20.1). Exon 5 of the 14 exon
gene was deleted using homologous recombi-
nation, creating a complete null mutation. Not
surprisingly, mice homozygous for the deletion
completely phenocopied the lethal albino
mouse (Grompe et al. 1993). Fah™'~ pups died
as neonates with severe hepatic dysfunction.
Luckily, NTBC was discovered around this
time (Lindstedt et al. 1992; Lindstedt and
Holme 1994) and it became possible to treat the
disease even prenatally by adding it to the
drinking water (Grompe et al. 1995). Fah™~
mutant mice treated with NTBC showed com-
plete correction of the metabolic liver disease,
including normalization of the abnormal gene
expression (Grompe et al. 1995). Survival of
Fah™- mutants improved to 100 % and it even
became possible to maintain breeding pairs of
homozygous mutants. As in humans, NTBC-
treated mice have very high blood tyrosine lev-
els, but unlike in rats this does not cause
keratitis of the eye even on a diet containing
normal amounts of protein.

While the c14CoS mouse has Fah deficiency,
its genomic deletion is one megabase in size and
contains several other genes, including the tyrosi-
nase locus which causes the albino (white coat
color) phenotype. For this reason the cleaner
Fah*<*> mouse has become the standard animal
model for human HT1 and has been used by
many laboratories worldwide to study the patho-
physiology and treatment of the disease. It was
initially created on the 129Sv strain of mice, but
also has been backbred to generate a congenic
C57/BL6 strain.

20.1.3 Fah Mice with Point Mutations

ENU mutagenesis generated several point
mutation alleles of Fah deficiency (Aponte
et al. 2001). Our laboratory imported and



20 Fah Knockout Animals as Models for Therapeutic Liver Repopulation

217

Fig. 20.1 The original Fah**°™ founder. Image of the
male germ line chimera that resulted from targeting exon
5 of the Fah gene in mouse embryonic stem cells. This

expanded one of these strains as a model for
targeted gene correction in hepatocytes (Paulk
et al. 2010, 2012). We chose a point mutation at
the junction of exon 7 and intron 8, Fah3!SB
(Aponte et al. 2001). This single base change
disrupts splicing and creates a protein null
allele. Hence, the biochemical phenotype of
these animals is the same as in other Fah™'-
mutant animals.

20.2 Pathophysiologic Insights
Obtained with Fah Mouse
Models

Much of our current molecular understanding of
HT1 disease pathophysiology has been obtained
by studying the Fah“>*°™ mouse. The typical
experiment consists of taking NTBC-treated and
fully healthy mutants and then withdrawing
NTBC for 2 weeks or more. Complete NTBC
withdrawal in combination with a normal protein
content diet results in liver and renal disease,
weight loss starting at about 2 weeks and typi-
cally results in death about 6 weeks later. It is
possible to keep Fah mutants alive for extended
periods without NTBC if the amount of phenyl-
alanine and tyrosine in the diet is severely
restricted (Grompe et al. 1998).

animal gave rise to the thousands of Fah mutant mice used
for liver research around the globe today

20.2.1 Cell Death Resistance

Acute FAA accumulation causes cell death by
apoptosis (Jorquera and Tanguay 1999) and it was
initially thought that apoptotic cell death is an
important component of the in vivo liver disease.
However, transaminase levels are curiously low in
humans with HT1 and also not highly elevated in
the Fah™~ mouse. Surprisingly, we were able to
show that the hepatocytes of Fah™~ mice off
NTBC are paradoxically apoptosis resistant
(Vogel et al. 2004). Much higher doses of several
liver toxins are needed to kill Fah™~ mice with
liver disease than in wild-type controls (Vogel
et al. 2006). Subsequent studies revealed that the
oxidative damage inducible transcription factor
Nrf2 is responsible for this adaptation, along with
the cell cycle regulator p21 (Marhenke et al. 2008;
Willenbring et al. 2008). FAA accumulation
strongly induces both Nrf2 and p21, thereby pro-
ducing both paradoxical apoptosis resistance and
cell cycle arrest. A model emerged indicating that
rapid accumulation of FAA can acutely cause
hepatocyte death, but that a more gradual accu-
mulation of the metabolite permits adaptive
responses and the survival of dysfunctional cells.
This phenomenon explains why synthetic liver
functions are impaired in HT1 out of proportion
to the relatively low transaminase levels.
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Fig.20.2 Cancer in Fah™~ mice. (a) Macroscopic images
of Fah™~ mice either treated with NTBC (right) or
exposed to repeated cycles of NTBC withdrawals. The
liver of the treated mouse looks completely normal,
whereas the untreated liver is cholestatic (orange color)

20.2.2 Liver Cancer

Humans with Fah deficiency are very prone to
developing HCC (Russo and O’Regan 1990). In
the pre-NTBC era a large percentage of HT1
patients developed cancer before age 5 years. Fah
mutant mice also develop liver cancer even when
treated with NTBC and a low tyrosine diet
(Overturf et al. 1999). p21 has emerged as key
molecule in the evolution of HCC in Fah defi-
ciency (Willenbring et al. 2008). Mice doubly
mutant in both Fah and p21 developed multi-
focal liver cancer in only 6 weeks (Willenbring
et al. 2008) (Fig. 20.2). These findings highlight
the extreme mutagenicity of FAA (Jorquera and
Tanguay 1997), a compound which can damage
both DNA and DNA repair proteins.

20.3 Reversion and Liver
Mosaicism in Fah Deficiency

In 1994, a very important clinical observation
was made in human patients undergoing ortho-
topic liver transplantation for HT1: at the time of
transplant, most children had multiple large and
small hepatic nodules as is typical for cirrhosis.
Surprisingly, some of these nodules were FAH+

and full of tumor nodules (green arrows). (b) Histology of
hepatocellular carcinoma in a Fah™~ mouse. Two tumors
(separated by dotted line) with distinctive morphology are
visible. (¢) Massive, multifocal cancer in a Fah/p21 dou-
ble mutant animal

(Kvittingen et al. 1994), had FAH enzyme
activity and normal cell morphology. Skin fibro-
blasts obtained from the same patients were
CRM- indicating that the original disease causing
mutation lead to complete absence of the protein.
Molecular studies then demonstrated that the
FAH" hepatic nodules arose by somatic reversion
of an inherited FAH gene mutation generating
clonal nodules of healthy hepatocytes (Kvittingen
et al. 1993, 1994).

The co-existence of FAH deficient and FAH
expressing tissue in the same liver illustrates
an important pathophysiologic fact: the
adverse effects of FAH deficiency are limited
to those cells in which the hepatotoxic com-
pounds are generated. MAA and FAA have
such short half-lives that they do not leave the
cells in which they are generated. FAH
expressing hepatocytes are not adversely
affected by being immediately adjacent to a
deficient cell. This is also confirmed by the
fact that non-hepatocyte liver cells (such as
Kupffer cells) are healthy in FAH deficient
mice (Kelsey et al. 1993). In other words: FAH
acts cell autonomously.

It is attractive to speculate that the presence of
both acute and chronic presentations of HT1 in
the same sibship may be due to such somatic
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reversion events and partial correction of the bio-
chemical defect. Several of the patients described
by Tanguay were homozygous for the same
French Canadian splice mutation (Demers et al.
2003) yet had variable biochemical phenotypes,
with patients having partial enzyme activity and
CRM* material.

Somatic reversion followed by selection in
hepatocytes is not without precedent.
Transgenic mice which express urokinase tis-
sue plasminogen activator show this phenome-
non (Sandgren et al. 1991). Urokinase is toxic
to hepatocytes and therefore cells, which inacti-
vate the transgene have a selective advantage
and repopulate the liver in a nodular fashion.
Similarly, normal hepatocytes transplanted into
the liver of transgenic mice expressing uroki-
nase can replace the entire liver cell mass by
selection (Rhim et al. 1994). Thus, the regen-
erative potential of both human and mouse
hepatocytes is large enough to permit the gen-
eration by selection of macroscopic nodules
consisting of millions of cells.

Transplant cells

20.4 TherapeuticLiver
Repopulation in the Fah*e*°">
Mouse

The positive selection of FAH+ hepatocytes
observed in human HT1 patients led us to test
whether this phenomenon could be replicated in
Fah*rS mice (Overturf et al. 1996). Wild-type
hepatocytes were transplanted into FAH null mice
and if these animals were maintained on NTBC
after transplant only scattered small clusters of
transplanted FAH+ hepatocytes were detected.
However, if NTBC treatment was discontinued
shortly after cell transplantation, liver injury
occurred and the FAH+ cells proliferated exten-
sively, forming large clusters within 3 weeks and
replacing most of the liver mass within 6 weeks
(Overturf et al. 1996). FAH null mice with repopu-
lated livers remained healthy, had normal liver
function tests and showed a relatively normal liver
structure for many months. These studies provided
proof of principle that liver repopulation can effec-
tively cure a metabolic disease (Fig. 20.3).

Stop

Fig.20.3 Liver repopulation in the Fah knockout mouse.
(a) Wild-type hepatocytes are injected into the portal vas-
culature of Fah™~ mice on NTBC; (b) individual wild-
type hepatocytes (red circles) engraft at low density; (c)

NTBC

after NTBC withdrawal the FAH+ hepatocytes divide and
form clonal nodules. (d) Eventually the FAH+ nodules
become confluent and >95 % of the liver mass is replaced
by donor hepatocytes
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Fig.20.4 Repopulation nodules. (a) Double-staining for
FAH (cytoplasmic brown) and BrDU (dark nuclei) in a
Fah™~ liver 4 weeks after transplantation with wild-type
cells. The animal was pulsed with BrDU 2 h before har-
vest. Large FAH+ repopulation nodules with BrDU+ rep-
licating hepatocytes (arrows) are visible. No BrDU

After establishing the feasibility of therapeutic
liver repopulation in this model, we explored
quantitative aspects of this system. We found that
transplantation of only 10,000 (1/5000 replace-
ment ratio) hepatocytes reliably rescued adult Fah
mutant mice. Transplantation of 1000 cells res-
cued 90 % of the animals and even 100 cells was
sufficient in some animals to restore hepatic func-
tion and permit long-term survival (Fig. 20.4).

20.5 Classic Liver Biology
Experiments Performed
in the Fah***"> Mouse

Once the FahAexon5 mouse was established as a
robust liver repopulation model, the equivalent of
bone marrow transplantation as a read-out of
hematopoietic reconstitution, important ques-
tions regarding liver cell biology could be readily
addressed. Several of these “classic’” experiments
with high impact on the field will be summarized
in the following.

20.5.1 Serial Transplantation

Partial hepatectomy experiments had revealed
the extensive regenerative ability of mature hepa-
tocytes (Stocker and Pfeifer 1965), but the upper
limit of this potential was unknown. In order to

incorporation wasseen in the FAH negative hepatocytes.
(b) Macroscopic view of an Fah~~- liver transplanted with
200 Rosa26 transgenic wild-type hepatocytes. Clonal
beta-galactosidase positive nodules of donor hepatocytes
are clearly visible (green arrows)

explore this boundary, serial transplantation was
performed in the Fah™~ mouse using limiting
doses of donor hepatocytes (Overturf et al. 1997).
Only 3000 FAH+ hepatocytes were transplanted
into a mutant recipient (Fig. 20.5). After full
repopulation and weight stabilization, hepatocytes
from the repopulated animals were harvested and
serially transplanted into a secondary recipient.
This was done seven times sequentially resulting
in an expansion of at least 10,000-fold in each
round of transplantation. Surprisingly, the time
required for repopulation remained constant and
did not decrease with passage. After the sixth
round of serial transplantation (10,000°%-fold
expansion = 10?%), the serially expanded hepato-
cytes were compared to freshly isolated naive
cells in competitive repopulation. Astonishingly,
they competed 1:1 and repopulated as well as the
young donor cells. These experiments demon-
strated conclusively that mouse hepatocytes have
stem cell-like growth potential and that they
retain their mature, differentiated functions dur-
ing massive growth. Similar findings were made
later by others (Wang et al. 2014).

20.5.2 Polyploid Hepatocyte Division
Liver hepatocytes are known to frequently be

polyploid. In typical adult mice, the majority of
hepatocytes are either tetraploid or octaploid
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Fig. 20.5 Serial transplantation. Schematic of serial
transplantation in the Fah™~ model system. 10,000
FAH+ hepatocytes from a wild-type male donor were
serially transplanted into Fah™~ female mice. Complete
liver repopulation was achieved in each round,

(Guidotti et al. 2003). Polyploidization is known
to occur by frequent failure of cytokinesis, result-
ing in binucleated cells. In the past, polyploid
hepatocytes had been thought to be postmitotic
(Faktor and Uryvaeva 1975), similar to other poly-
ploid cell types such as skeletal myocytes.
However, the Fah repopulation model made it pos-
sible for the first time to directly test the replicative
ability of polyploid hepatocytes. Hepatocytes of
different ploidy classes were purified and exam-
ined for their ability to repopulate Fah knockout
mice (Overturf et al. 1999). Surprisingly, it was
shown that polyploid hepatocytes were not post-
mitotic at all, but were able to divide extensively.
Others confirmed this, using a different transplan-
tation model (Weglarz et al. 2000).

20.5.3 Cell Fusion

In the late 1990s a series of publications sug-
gested that hematopoietic stem cells could func-
tion as multipotential stem cells for many tissues,
not only blood. Several reports indicated that
hematopoietic stem cells could produce multiple
endodermal epithelial lineages, including hepato-
cytes (Krause et al. 2001; Theise et al. 2000). To

Mutant 3

Mutant 2

representing an expansion of at least 3000-fold (an
adult mouse liver contains 3 x 107 hepatocytes). After
seven rounds of repopulation the initial donor cells had
expanded a least 2.2 x 10*-fold, requiring 80 cell
divisions

directly test this provocative hypothesis, bone
marrow transplantation was carried out in Fah
knockout mice. The donor cells came from a lacZ
positive Rosa26 mouse. Interestingly, animals
with high percentages of lacZ positive hepato-
cytes were found and liver function was fully res-
cued. This experiment therefore confirmed that
bone marrow could indeed generate hepatocytes
(Lagasse et al. 2000). Bone marrow derived
hepatocytes functioned like regular hepatocytes
and completely rescued the metabolic liver
disease of HTI1. Initially, the mechanism
underlying this finding was thought to be direct
differentiation of hematopoietic stem cells into
hepatocytes in the context of injury. An alterna-
tive mechanism, however, was considered after
cell fusion was shown to underlie lineage transi-
tions after co-culture of pluripotent stem cells
with bone marrow (Terada et al. 2002; Ying et al.
2002). Targeted experiments revealed that cell
fusion between bone marrow derived donor cells
and Fah™~ hepatocytes was the actual mecha-
nism by which bone marrow derived hepatocytes
arise (Vassilopoulos et al. 2003; Wang et al.
2003). It was subsequently shown that myelo-
monocytic cells were the main hematopoietic lin-
eage involved in the fusion phenomenon
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(Willenbring et al. 2004). This work highlighted
the existence and importance of cell fusion
in vivo. All of the earlier reports on unexpected
plasticity of blood stem cells could be explained
by this mechanism. Today blood stem cells are
once more considered to be precursors to the
hematopoietic lineages only.

20.5.4 Ploidy Reversal

Fusion between two somatic cells by definition
creates a polyploid cell. The fact that bone
marrow-derived hepatocytes can repopulate the
Fah™= mouse confirmed the earlier observation
demonstrating that polyploid hepatocytes are in
fact not postmitotic. Although hybrid cells are by
definition at least tetraploid when they are gener-
ated, karyotypic analysis of fusion hepatocytes
showed that many of them had become diploid
during liver repopulation (Wang et al. 2003). This
observation was very unexpected because it sug-
gested that ploidy reversal is possible in non-
cancerous somatic cells. Ploidy reduction was
thought to occur only in meiosis. Studies to eluci-
date the mechanism of ploidy reversal in fusion
hepatocytes were initiated. Single cell molecular
analysis of diploid hepatocytes derived from
polyploid hepatocyte precursors revealed random
segregation of donor and host cell genomic loci,
following Mendelian rules (Duncan et al. 2009).
This detailed analysis confirmed the results
obtained from cytogenetics and directly demon-
strated that polyploid hepatocytes can become
diploid in vivo. Liver cell imaging was then used
to study the mitosis of polyploid hepatocytes and
frequent multipolar mitoses were observed
(Duncan et al. 2010). Multipolar mitoses were
previously thought to occur only in cancer cells.
We coined the term ploidy conveyor to describe
the fact that hepatocytes can both polyploidize
(by failed cytokinesis) and subsequently undergo
reductive divisions (by multipolar mitosis). The
consequence of this cycle is a very high incidence
of aneuploidy in the normal liver of both mice
and humans (Duncan et al. 2012).

20.6 Classic Gene Therapy
Experiments

The strong selective advantage of FAH+ hepato-
cytes has also been exploited for important stud-
ies on liver-directed gene therapy. Once a Fah
mutant hepatocyte has been transduced with a
Fah-expressing transgene, the cell has a selective
advantage and will form repopulation nodules.
Therefore, it is possible to amplify these rare
genetic correction events and generate clonal
nodules derived from a transgene integration
event. Many important studies have been carried
out taking advantage of this powerful system.

20.6.1 Retroviral Vectors

The first gene therapy vector used in the Fah™'~
mouse was an oncoretroviral vector. Fah '~
mice were infused with virus through the portal
vein and then subjected to NTBC withdrawal.
Gene therapy corrected FAH+ hepatocytes
repopulated the liver and completely restored
function (Overturf et al. 1996) (Fig. 20.6).
Importantly, this experiment also revealed that
gene therapy was not a good clinical option for
the treatment of HTI despite the selective
advantage. Although >80% of the liver mass
was corrected, the residual pockets of Fah™-
hepatocytes eventually gave rise to hepatocel-
lular carcinoma. Hence, HT1 is a disorder that
requires replacement of 100 % of the mutant
hepatocytes with healthy cells. This cannot be
achieved by either gene therapy or hepatocyte
transplantation.

20.6.2 Transposons
and Recombinases

Non-viral methods for gene therapy of the liver
are currently inefficient, but hold significant
promise for the future. The Fah****™ model was
used to study several of these approaches, includ-
ing transgene integration by sleeping beauty
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Fig.20.6 Fah mutant liver corrected by gene therapy. A
MoMLYV retroviral vector containing a Fah minigene was
infused into the portal vein of a Fuh™~ mouse, followed by
NTBC withdrawal for 8 weeks. (a) Gene corrected hepa-
tocytes expanded clonally and repopulated the mutant

transposon (Montini et al. 2002) as well as
phiC31 recombinase (Held et al. 2003). The Fah
model permitted an accurate assessment of the
integration efficiencies of these systems and also
revealed morphologic changes in hepatocytes
caused by the recombinase method.

20.6.3 AAV and Adenoviral
Integrations

Several important “episomal” gene therapy vec-
tors have the ability to integrate into the host
chromosome with low frequencies. These rare
events are difficult to study, because of the high
background of episomal, non-integrated vectors.
Recombinant adeno-associated vectors (rAAV)
and adenoviral vectors both are considered to be
non-integrating. The Fah***"> mouse was used to
determine the frequency and the chromosomal
location of integrations for both systems. To do
this, virally transduced hepatocytes were serially
transplanted into secondary Fah™'~ recipients to
remove vector episomes and permit repopulation
with hepatocytes bearing integrated transgenes.
The integration frequency of adenoviral vectors
was found to be very low, less than 1/100,000
transduced hepatocytes (Stephen et al. 2010).
However, the frequency for the clinically impor-
tant rAAV vectors was much higher, measuring
between 1 % and 0.1 % (Nakai et al. 2003, 2005).

Foy v ——

liver. Different genomic integration sites generated nod-
ules with different levels of FAH expression, ranging from
high (¥*%), to medium (¥**) to low (¥). (b) The gene cor-
rected FAH+ tissue can be distinguished from mutant,
diseased tissue by its healthy red color (green arrows)

In addition, integration site analysis showed the
rAAV vectors integrate preferentially into
actively transcribed genes. It is now clear that
rAAV -while mostly episomal- does integrate
with sufficient frequency to raise concerns about
insertional mutagenesis. These data explain why
rAAV is able to cause liver cancer in animals
(Donsante et al. 2007; Wang et al. 2012) and why
wild-type AAV2 can cause hepatocellular carci-
noma in humans (Nault et al. 2015, 2016).

20.6.4 Gene Repair

Gene therapy for inherited diseases has tradi-
tionally consisted of gene addition, i.e. the intro-
duction of cDNA containing minigenes, driven
by artificial promoters. This approach is con-
founded by the lack of physiologic transgene
regulation, lack of permanence in the case of
episomal vectors and insertional mutagenesis
with integrating vectors. All of these drawbacks
can be potentially overcome by gene repair, a
method where the disease causing mutation is
replaced by wild-type sequence using homolo-
gous recombination. Homologous recombina-
tion is a rare event in resting cells in vivo and
therefore the Fah point-mutation model (Aponte
et al. 2001) was ideally suited for the first proof-
of-principal experiments. rAAV of serotypes 2
and 8 were used to correct the disease causing
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mutation in both newborns and adults (Paulk
et al. 2010). The maximal efficiency initially was
about 1/200 in newborn mice injected with very
high vector doses. To enhance efficiency phar-
macological inhibition of non-homologous end-
joining (NHEJ) was used (Paulk et al. 2012).
Homologous recombination can be significantly
enhanced by creating DNA double-strand breaks
(DSC) in the target sequence. The advent of tar-
geted nucleases has now made it possible to cre-
ate site-specific DSB, even in vivo. The Fah>!58
mouse became the very first example of in vivo
gene repair enhanced by CRISPR/cas9 (Yin
etal. 2014). Very high gene repair frequencies of
>1 % were achieved even in adult animals.
Efficiency was then further enhanced by deliver-
ing the gene correction donor in the form of an
rAAV along with CRISPR mRNA in a nanopar-
ticle (Yin et al. 2016). Gene correction levels of
~5 % were obtained, a level that would be suffi-
cient to cure most metabolic diseases.

20.7 Humanized FRG

Animal models are used to study many aspects of
human disease and to test therapeutic interven-
tions but many very important features of human
biology cannot be replicated in animals, even in
non-human primates or transgenic rodents engi-
neered with human genes. Most human microbial
pathogens do not infect animals and the metabo-
lism of many xenobiotics is different between
humans and animals. Therefore, chimeric mice
harboring human cells have long been used in
research. The first examples are xenografts of
human cancer cells in nude mice, permitting the
study of human tumors in vivo (Rygaard and
Povlsen 1969). Human primary cell types could
not be engrafted in rodents until more severely
immune deficient recipients became available.
Considerable success was achieved in generating
human blood cell chimerism in mice deficient in
T- and B-cells as well as NK-cells, such as the
NOD-Scid strain (Ramirez et al. 1998).
Additional deletion of the common y-chain of the
interleukin 2 receptor (Igc) yielded mice

completely unable to reject human cells (Traggiai
et al. 2004).

The liver plays a central role in many human-
specific biological processes and mice with
“humanized livers” can be used to model human
metabolism, liver injury, gene regulation, drug
toxicity and hepatotropic infections. The strong
selective advantage for FAH+ hepatocytes sug-
gested the Fah™~ mouse as an ideal system for
liver humanization. In 2007, successful repopula-
tion of immune deficient Fah mice was reported
(Azuma et al. 2007). This FRG mouse (deficient
in Fah, Rag2 and the interleukin receptor com-
mon y-chain) has since become the mainstay for
experiments involving liver repopulation by
human cells (Grompe and Strom 2013). FRG
mice have been used to evaluate human liver
stem/progenitor cells, gene therapy vectors and
microbes attacking the liver. Examples of impor-
tant studies done with immune deficient Fah™~
mice will be discussed in the following.

20.7.1 Modeling of Human Genetic
Diseases

FRG mice can be repopulated not only by healthy
hepatocytes, but also with cells from patients
with genetic liver diseases (Bissig-Choisat et al.
2016; Gramignoli et al. 2013). If the disease is
cell autonomous at the level of hepatocytes, this
created the opportunity to explore therapeutic
approaches such as gene therapy in a human con-
text (Bissig-Choisat et al. 2016).

20.7.2 Hepatocytes from Stem Cells

Embryonic stem cells from the mouse were long
known to be able to produce all of the somatic
lineages of the adult organism after blastocyst
injection or morula aggregation (Ramirez-Solis
and Bradley 1994). Therefore the discovery of
human embryonic stem cells in 1998 (Thomson
et al. 1998) raised the hope that these extensively
expandable cells would be a source of many
transplantable cell types, including hepatocytes.
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Several groups developed protocols to generate
hepatocyte-like cells by first generating defini-
tive endoderm and then subsequent maturation
steps (Basma et al. 2009; Gouon-Evans et al.
2006; Si-Tayeb et al. 2010). The advent of
induced pluripotent stem cells (Ipsc) (Takahashi
et al. 2007) further fueled this line for research,
permitting for the first time the production of
hepatocyte-like cells from defined human geno-
types, including genetic diseases. While the cells
generated from pluripotent precursors appeared
to have many features of mature hepatocytes,
their utility for cell transplantation needed to be
tested by in vivo experiments. The Fah knockout
mouse has been used extensively for this
purpose.

Definitive proof-of-principle for the hepato-
cytic potential of Ipsc was provided by
Willenbring’s group in 2010 (Espejel et al.
2010). They injected wild-type mouse Ipsc into
Fah™~ mutant blastocysts. Importantly, all hepa-
tocytes as well as proximal tubular renal cells of
live-born chimeras originated from the wild-
type FAH+ Ipsc (Espejel et al. 2010). This
experiment conclusively demonstrated that plu-
ripotent stem cells have the potential to produce
fully mature and differentiated hepatocytes.
Despite this inherent potential, hepatocyte-like
cells generated from stem cells in vitro have not
shown good transplantability. Compared to
cadaveric hepatocytes from human donors, the
engraftment efficiency has been very poor and
to date no protocol has yielded full repopula-
tion. Differentiation protocols will have to be
significantly improved before hepatocyte-like
cells derived from pluripotent precursors have
the potential for cell therapy as primary human
hepatocytes.

In addition to pluripotent stem cells, adult
liver progenitors have also been studied as poten-
tial hepatocyte precursors. Lgr5+ liver organoids
have been generated from both mouse and human
liver tissue (Huch et al. 2013, 2015). “Stem cells”
derived from EPCAM+ human ducts have been
used as well (Schmelzer et al. 2007). While cells
derived from these precursors express some
markers hepatocytes upon in vitro differentiation,

their transplantability is quite poor, yielding only
minimal liver repopulation in the Fah™~ model
(Dorrell et al. 2014).

20.7.3 Hepatocytes Generated
by Direct Reprogramming
of Somatic Cells

Direct reprogramming of somatic cells with
hepatic transcription factors has been slightly
more successful in producing transplantable
hepatocyte-like cells. Several groups have
reported the conversion of human fibroblasts into
hepatocyte-like cells in vitro. Modest levels of
liver repopulation in the FRG mouse were seen
after transplantation of large numbers of these
iHeps (induced hepatocyte like cells) (Du et al.
2014; Huang et al. 2014; Yu et al. 2013; Zhu et al.
2014).

20.7.4 Infectious Diseases

Infectious diseases are an important application
of humanized FRG mice. Most human hepatic
pathogens cannot infect laboratory animals, but
readily infect liver chimeric mice (Bissig et al.
2010). Multiple reports have shown that both
hepatitis B and C virus can infect humanized
FRG mice (Bissig et al. 2010). In addition, the
effects of antiviral drugs can be observed in this
model (Bissig et al. 2010). Malaria is a disease
that affects millions of humans and causes about
one million deaths annually worldwide. The life
cycles of both Plasmodium falciparum and
Plasmodium vivax begin with the infection of
hepatocytes by sporozoites after a mosquito bite.
After massive replication in the hepatocyte, the
cell lyses, releasing the parasite into the circula-
tion and resulting in a red blood cell infection.
Until recently, the hepatic phase of the malaria
life cycle was not amenable to direct study and
the entire life cycle (liver + blood) had not been
modeled in an animal in vivo. However, highly
humanized FRG mice can be infected with
Plasmodium falciparum, complete their entire
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replication cycle in the human hepatocytes, lyse
and then infect human erythrocytes injected into
the infected animals (Vaughan et al. 2012, 2015).
The ability to model the entire disease process
now opens up the possibility of targeting the
hepatic phase of the life cycle with novel
therapeutics. Fully double-humanized mice har-
boring not only human erythrocytes and hepato-
cytes, but also human immune cells will enable
even more relevant modeling of malaria in the
future.

20.7.5 Gene Therapy

Although related to infectious disease research,
the questions that can be answered in humanized
FRG mice for gene therapy applications are dif-
ferent. The biology of viral and non-viral vector
delivery systems can differ substantially between
species. Capsids and envelopes that work well for
the transduction of mouse hepatocytes do not
necessarily work equally well on human cells.
The DNA repair machinery and propensity for
transgene integration is different as well. siRNA
therapeutics are highly sequence specific and the
optimization of gene knockdown therapies in the
liver would benefit from having a humanized sys-
tem. For all of these reasons, liver humanized
mice represent an ideal platform to optimize and
test human liver gene therapy vectors. For exam-
ple, liver-humanized mice were used to evolve a
novel rAAV capsid capable of efficiently trans-
ducing human hepatocytes (Lisowski et al. 2013).
This novel LKO3 capsid is completely inactive on
mouse hepatocytes.

20.8 Other Animal Models of Fah
Deficiency

20.8.1 Fah Knockout Pigs

Fah knockout mice have been instrumental in
many areas of liver biology and therapeutic
research. However, there are limitations to small
animal models and pigs are the large animal
model of choice for many applications (Suzuki

et al. 2011). Surgical manipulations are much
easier in this species and the anatomy is much
more akin to humans than rodents. In addition,
the size of pigs makes them a potentially attrac-
tive choice for expanding human cells or even
entire organs. For this reason, our group decided
to create a porcine model of Fah deficiency. A
rAAV vector was used to target exon 5 of the
porcine FAH locus in fetal fibroblasts (Hickey
et al. 2011). Successfully targeted fibroblasts
were then used for somatic cell nuclear transfer
(cloning) and a herd of heterozygous FAH
mutant pigs was generated. These heterozygotes
were subsequently bred to homozygosity and
faithfully recapitulate the human disease pheno-
type (Hickey et al. 2014). Mutant animals
require NTBC therapy to survive and untreated
animals develop severe liver disease. Recently,
the FAH~ pig was used to show proof-of-prin-
ciple for liver repopulation with FAH+ hepato-
cytes. Immune deficient FAH pigs may be useful
for the in vivo expansion of human hepatocytes.
They also will be useful as a large animal model
for hepatocellular carcinoma and end-stage liver
failure.

20.8.2 Fah Knockout Rats

Very recently Fah knockout rats have also been
generated using targeted nucleases (Kuijk et al.
2016). The Fah deficiency allele has also been
combined with immune deficiency mutations
(Kuijk et al. 2016). Rats are about 10x larger than
mice and are an important animal model in pre-
clinical pharmaceutical research, especially in
toxicology (Mashimo and Serikawa 2009). It
seems likely that immune deficient rats will be
amenable to humanization, as in mice and that
liver chimeric rats will be an important resource
in the future.

20.9 Conclusions

Fah deficiency creates a very potent selective
environment for FAH+ hepatocytes in the liver of
multiple mammalian species including humans,
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mice, pigs and rats. Because Fah deficiency acts
cell-autonomously the selection is very tight and
permits the expansion of even single events lead-
ing to FAH expression in hepatocytes. The sys-
tem therefore is ideal as a read-out of stem cell
activity, correction by any method of gene ther-
apy and for cell fusion. Immune deficient Fah
mutant animals can be extensively reconstituted
with human hepatocytes and hence the model can
be used to study many human-specific liver
functionalities, including infection by liver
pathogens, drug transport and metabolism and
modeling of human genetic diseases. It appears
likely that Fah mutant animals will remain an
important tool for the study of liver biology for
many years to come.
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Abstract

In this chapter, we intend to review gene therapy concepts applied to the
potential treatment of tyrosinemia for parents and pediatricians. Therefore,
our main objective is to give general informations in a comprehensible man-
ner. Considering the nature of tyrosinemia and the current state of technol-
ogy, a particular focus will be put on strategies using viral delivery of DNA
to the liver. In light of the recent development of the CRISPR technology
and the revival of promises for previously unavailable therapeutical tools,
the present chapter aims at presenting up to date facts and potential pitfalls
towards an application for metabolic diseases, in particular tyrosinemia.
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21.1 Gene Therapy for Inherited

Diseases

The concept of gene therapy first emerged in the
1970s when Friedmann and Roblin (1972) pro-
posed the use of exogenous good DNA to replace
defective DNA. Gene therapy strategies comprise
three critical elements: the gene to be transferred,
the target tissue into which the gene will be intro-
duced, and the gene delivery vehicle (vector)
used to mediate entry of the gene to the target
tissue. In order to achieve long-term expression
of the transferred gene, one of two strategies can
be employed: (i) ex vivo gene therapy, where
cells (mostly from the hematopoietic system) are
explanted, modified and re-implanted in patients,
and (ii) in vivo gene therapy where DNA pack-
aged in a virus is injected (intravenously or
directly in the tissue) to infect a targeted organ.
The latter approach is mainly used and allows for
the targeting of organs or systems that cannot be
explanted. The first generation of in vivo gene
therapy mostly relied on modified viruses (retro-
virus, lentivirus, adenovirus) to deliver foreign
DNA. In some cases, a slight proportion of the
transgene could be randomly incorporated in
chromosomal DNA allowing its persistence, but
raising concerns about potential oncogenicity
(Ehrhardt et al. 2008). In vivo gene transfer strat-
egies have now coalesced around the use of
recombinant adeno-associated virus (AAV), a
vector that has been successfully used in the
clinic for disabling or fatal inherited metabolic
disorders resulting from enzyme deficiencies
(Bainbridge et al. 2008; Maguire et al. 2008,
2009; Nathwani et al. 2011b; Leone et al. 2012;
Bryant et al. 2013; Smith et al. 2013; Testa et al.
2013). Recombinant AAV vectors are structurally
simple and versatile, they are devoid of viral
genes and instead contain an expression cassette
for the gene of interest, which is limited to ~5 kb
in length. Of particular interest, it is possible to
transduce liver cells using a specific serotype of
AAV in mice, primates and humans (Nathwani
et al. 2011a, b; Markusic and Herzog 2012). This
vector is ideally suited for liver gene transfer
because of its ability to infect non-dividing cells
such as hepatocytes, its low immunogenicity, and

the persistence of vector genomes. Multiple long-
term studies in mice, canines, non-human pri-
mates, and to date humans injected with AAV
vectors show no indication of increased risk of
hepatocellular carcinoma from AAV insertional
mutagenesis (Li et al. 2011b; Nowrouzi et al.
2012; Kaeppel et al. 2013). Hence, the field of
gene therapy is now focused on AAV mediated
gene transfer.

21.2 Successes in AAV-Mediated
Gene Therapy

A prototypical example of in vivo gene therapy is
the treatment of Leber congenital amaurosis
(LCA), a form of congenital blindness caused by
a deficiency in the RPE65 gene (Bainbridge et al.
2008). In a pioneer clinical trial, young adults
with early onset of the disease were treated by
subretinal injection of AAV containing a working
copy of RPEG6S in one eye, the other serving as
control (Maguire et al. 2008). Among three
patients, one experienced an increase in visual
mobility in low light that was significant enough
to decrease the travel time to complete a predeter-
mined course from 77 to 14 s (Bainbridge et al.
2008). Further clinical trials revealed that the best
improvements were seen in children (Maguire
et al. 2009). All pediatric subjects (age 8-11
years) developed the ability to navigate a stan-
dardized obstacle course and the effect has been
persistent (7 years and counting) (Maguire et al.
2009). The earlier the treatment was initiated the
better was the outcome, prompting regulatory
agencies to allow researchers to treat younger
children. Results obtained with LCA clinical tri-
als were so encouraging that researchers went on
to treat the contralateral-eye of patients involved
in the initial trials, yielding similar results
(Bennett et al. 2016).

Successful in vivo gene therapy has also been
achieved in the liver to treat hemophilia B, a
blood clotting disorder caused by a mutation of
the factor IX (FIX) gene. Current therapy for
hemophilia B is infusions of recombinant FIX
but this process requires two to three weekly
infusions, is expensive and is not curative. Most
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individuals suffering from hemophilia B have a
severe form of the disease, with <1% normal cir-
culating levels of FIX activity. Interestingly,
increase of FIX levels to only 5% of normal is
sufficient to prevent life-threatening bleeding
episodes (Lofqvist et al. 1997; Ljung 1998).
Gene therapy could offer hemophilia B patients
the potential for a cure after a single injection of
vector. Pre-clinical studies in monkeys have dem-
onstrated the potential of using AAV to target the
liver as a site of FIX production (Nathwani et al.
2002, 2006). In this model, the use of AAV
yielded serum levels of FIX 3-8% of normal
(Nathwani et al. 2002, 2006). The first successful
transduction on human liver cells was accom-
plished in 2006, when AAV vectors were injected
into the hepatic artery of seven subjects (Manno
et al. 2006). Participants in the low and medium
dose groups showed no signs of vector-related
toxicity or efficacy, defined as circulating FIX
>1% (Manno et al. 2006). The two subjects in the
high dose group experienced a transient increase
in FIX levels (11% and 3% respectively) that
peaked 2 weeks following the infusion and
started to decline after 5 weeks, reaching baseline
levels after 10 weeks (Manno et al. 2006). Of
note, during this period subjects reported an
absence of bleeding episodes and FIX infusion
despite trauma that would usually have required
clotting factor infusion (Manno et al. 2006). Loss
of FIX expression was attributed to the building
of immunity against AAV capsid, which lead to
the elimination of transduced hepatocytes by the
immune system (Manno et al. 2006). These
observations were the first to suggest that AAV
delivery of DNA could elicit a therapeutic
effect in humans. In 2011, Nathwani et al. infused
AAV containing human FIX in six patients suf-
fering from severe hemophilia B (Nathwani et al.
2011b). Subjects from the high dose group expe-
rienced increases in FIX levels from <1% to
3-12% of normal values, which was enough to
confer a therapeutic effect (Nathwani et al.
2011b). It is noteworthy that in those participants,
therapeutic effects are still ongoing (Nathwani
et al. 2011b). Recently, Sparks therapeutics
released the first results of their phase I-1I clinical
trial (NCTO02484092) wusing a novel bio-

engineered AAV capsid expressing a codon-
optimized, high-activity human FIX variant.
These results showed that four patients treated
with the initial low dose experienced increases in
FIX between 26% and 41% of normal values, and
that after over 58 weeks of observation, none of
the four subjects received regular infusions of
FIX concentrates to prevent bleeding events
(Dolgin 2016). These reports contributed to dem-
onstrate that transgene delivery using AAV is safe
and effective for liver targeting. Recent spectacu-
lar observations hint that AAV delivery of FIX to
hepatocytes could be one of the next FDA
approved treatment based on gene therapy.
Fifteen years have passed since the first descrip-
tion of safe administration of FIX in humans, still
no treatment is currently approved. This clearly
demonstrates the amount of research necessary to
develop a proper strategy for organ targeting and
to allow the expression of an optimal recombi-
nant protein yielding therapeutic effects. It is rea-
sonable to believe that the strategies applied to
hemophilia could be translated for the treatment
of other hepatic diseases, making the develop-
ment of further liver-based gene therapy easier.
Only one gene therapy is currently approved and
available for patients. Glybera is used to treat
lipoprotein lipase deficiency by delivering in
muscles a working copy of the gene using adeno-
viruses (Wierzbicki and Viljoen 2013). The
approval of Glybera paved the way for further
development of gene therapy, including
approaches for treating tyrosinemia.

21.3 Potential Approaches
for Gene Therapy
in Tyrosinemia

Like hemophilia, type 1 tyrosinemia (HT1) is a
monogenic disease affecting principally the liver
(Grompe 2001). In HT1, patients lack the activity
of the enzyme fumarylacetoacetate hydrolase
(FAH). The development of gene therapy for these
two diseases was conducted in parallel by using
different strains of viruses. However, classical
AAV-mediated therapy cannot be applied to tyro-
sinemia considering that episomal transgenes are
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lost because of injury-induced hepatocyte turnover
and that the production of toxic metabolites
increases risks of cancer (Nakai et al. 2001, 2003).
For these reasons, current state of the art for in vivo
gene therapy is unlikely going to work in FAH
patients. A certain number of studies support these
affirmations. Retroviral gene delivery was first
tested in mice when human FAH cDNA was deliv-
ered via the portal vein (Overturf et al. 1996). In
these animals, initial correction of hepatocytes
was lower than 1%, but by combining gene ther-
apy to in vivo selection, up to 90% of hepatocytes
were corrected (Overturf et al. 1996). In vivo
selection relies on the ability of corrected FAH
hepatocytes to have a strong competitive growth
advantage in contrast to diseased cells (Overturf
et al. 1996). Considering the nature of the disease,
tyrosinemic livers are in constant regeneration
(Overturf et al. 1996; Hickey et al. 2015).
Following viral injection, 2-(2-nitro-4trifluoro-
methylbenzoyl) (NTBC) is removed and corrected
cells can expand, leading to the repopulation of a
great proportion of the liver (up to 90%) (Overturf
et al. 1996). However, only 52% of treated mice
survived without NTBC, the majority of which
had mosaic livers consisting of corrected and
uncorrected tissues (Overturf et al. 1996). A single
injection of retroviruses was not sufficient to nor-
malize plasma levels of aspartate aminotransferase
(AST), a marker of hepatocyte integrity, whereas
five infusions of viruses have normalized AST and
bilirubin (Overturf et al. 1996). Multiple virus
injections also corrected plasma levels of succin-
ylacetone a toxic metabolite, suggesting that the
number of corrected and amplified hepatocytes
arising from a single virus injection is not suffi-
cient to exert therapeutic effects.

Considering that retroviruses can only infect
dividing cells, researchers further studied the
delivery of FAH using adenoviral vectors, which
have the ability of infecting a wide variety of cell
types, including non-dividing cells. Adenovirus-
mediated gene therapy in tyrosinemic mice lead
to FAH expression in hepatocytes, but was associ-
ated with high variability of the response between
animals when compared to retroviral therapy
(Overturf et al. 1996, 1997). Mice off NTBC
treatment and injected at the same time had vari-

ous degrees of liver inflammation and percent of
hepatocytes positive for FAH (Overturf et al.
1997), suggesting that the use of adenoviral vec-
tors might not be optimal. In line with previous
observations made with a single injection of retro-
viruses, gene therapy using adenoviruses did not
normalize circulating levels of succinylacetone
and liver enzymes to those of wild-type controls
(Overturf et al. 1997). Long-term experiments
revealed a persistent expression of FAH transgene
(5% of controls for at least 6 months), however
this was not sufficient to protect from kidney
damage. Kidneys of adenoviruses treated animals
were enlarged and displayed extensive injuries
(Overturf et al. 1997). Such injuries were not pre-
vented in mice with the highest percentage of
transduced hepatocytes (Overturf et al. 1997),
implying that unique targeting of the liver might
not be a viable approach in tyrosinemia. Long-
term follow-up of treated mice also highlighted
the risk of neoplasm in uncorrected hepatocytes.
Of note, 77% of treated mice developed neo-
plasm, all of which were uniformly FAH negative,
and there was no correlation between the percent-
ages of FAH positive cells and prevention of
hepatocellular neoplasm. This observation under-
scores the importance of correcting 100% of FAH
-/- hepatocytes, which remains unachieved.
Further studies were conducted using self-
inactivating lentiviral vectors, which are able to
transduce non-dividing cells and integrate
DNA. Mice were either submitted to in vivo gene
therapy or were transplanted with corrected hepa-
tocytes (Rittelmeyer et al. 2013). These animals
showed patches of corrected hepatocytes, but
51% of all long-term observed animals showed
nodular tissues consistent with liver tumor devel-
opment (Rittelmeyer et al. 2013). This high inci-
dence of cancer was attributed to endogenous
non-corrected tissue, since tumorous tissue had
low viral copy numbers (Rittelmeyer et al. 2013).
Nonetheless, some of the top ten integration sites
were located close to genes potentially impli-
cated in hepatocellular carcinoma (Rittelmeyer
et al. 2013). The concern for cancer is one of the
major reasons why gene therapy has still not been
tested in tyrosinemic patients. There are still
underlying apprehensions in gene therapy about
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oncogenesis caused by random integration of the
transgene. If hepatocellular carcinomas were to
arise in tyrosinemic patients treated by gene ther-
apy, it would be nearly impossible to determine
whether the cancer was caused by therapy itself
or by uncorrected cells. This could jeopardize
future clinical trials for tyrosinemia as well as
current trials based on similar delivery systems.
From a different perspective, AAV were used in a
mouse model of tyrosinemia to induce gene
repair via homologous recombination (Paulk
et al. 2010). This strategy, chosen because epi-
somal vectors are not effective in the context of
hepatocyte division (Nakai et al. 2001; Wang
et al. 2012b), was aimed at inserting a corrected
DNA fragment in the FAH locus by harnessing
the ability of AAV vectors to integrate the
DNA. Treated mice in which hepatocytes were
positively selected using NTBC withdraw
showed weight gain and improvements in liver
function that were paralleled by the presence of
>50% of FAH producing hepatocytes (Paulk
et al. 2010). Both treatment of neonates and adult
mice yielded integration frequencies of up to 103
that were confirmed by transplantation of hepato-
cytes from AAV treated mice to FAH —/— recipi-
ents (Paulk et al. 2010). Transplant recipients had
successful engraftment and displayed clinical
improvements, thus validating permanent inte-
gration (Paulk et al. 2010). This report high-
lighted the feasibility of in vivo gene correction
in tyrosinemia. However, disadvantages of gene
replacement include risks related to insertional
mutagenesis, and loss of regulatory signals that
control gene expression. Several strategies were
used to explore the impact of in vivo gene ther-
apy in tyrosinemia, however success is currently
limited. Other approaches focusing on ex vivo
cell therapy were also investigated.

21.4 Potential Approaches
for Cell Therapy
in Tyrosinemia

Recently, direct reprogramming of somatic cells
into induced pluripotent stem cells (iPS) has been
achieved in different contexts including tyrosin-

emia. A first report demonstrated how iPS cell-
derived hepatocytes have the same functional
output as adult hepatocytes and retain their abil-
ity to proliferate following injury (Espejel et al.
2010). In a second set of experiments, FAH —/—
iPS cell lines were created and used to produce
mice exhibiting tyrosinemia symptoms (Wu et al.
2011). Using a lentiviral vector, FAH-corrected
iPS cell lines were established by insertion of
FAH cDNA followed by selection of corrected
cells (Wu et al. 2011). When aggregated with
embryos, these corrected iPS repopulated the
liver, leading to the expression of FAH in a por-
tion of hepatocytes (Wu et al. 2011). Intriguingly,
most of the transgene was silenced in liver cells;
however in vivo selection using NTBC withdraw
in these mice resulted in 50-70% of hepatocytes
expressing FAH (Wu et al. 2011). This technol-
ogy could eventually be used to create FAH cor-
rected patient-derived iPS cells that could be
transplanted to repopulate the liver. Further stud-
ies are needed to highlight the benefits of using
iPS cells in tyrosinemia and to ascertain the effi-
cacy of this technique. At the current state of this
technology, chances for successful therapies are
low.

Ex vivo hepatic gene therapy was also recently
tested in different models of HT1 (Hickey et al.
2016; Zhang et al. 2016). In HT1 rats, infusion of
WT hepatocytes yielded a 70-90% liver repopu-
lation that was accompanied by weight gain and
normalization of liver enzymes (Zhang et al.
2016). In FAH —/— mice and pigs, partial hepa-
tectomy was conducted, followed by hepatocytes
isolation. Isolated hepatocytes were then infected
using lentiviruses expressing FAH under the con-
trol of a liver- specific promoter and reinjected
through the spleen or portal vein for hepatic
engraftment (Hickey et al. 2016). In some mice,
transplant of corrected cells followed by NTBC
removal was associated with a near complete
liver repopulation and rescue of the phenotype.
However, initial engraftment efficiency appeared
to impact long-term repopulation (Hickey et al.
2016). Similar results were obtained when this
technique was applied in pigs (Hickey et al.
2016). Twelve months following transplant, a
near-complete repopulation of the liver was
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observed. Fibrosis was detected in some animals,
but importantly no adenocarcinomas were
detected (Hickey et al. 2016). Considering its
ability to function in larger outbred mammals,
this approach appears promising. Its most impor-
tant advantage is the use of autologous cells,
which alleviates the need for haplotype matching
and potential immunosuppressive  drugs.
Additional larger studies are needed to determine
the potential for this technology in humans and to
assess integration profile.

21.5 Limits of Gene Therapy

The first gene therapy clinical trials highlighted
the importance of sufficient expression of the
transgene. In some occurrences, transgene was
detectable by biochemical methods, but levels
were insufficient to trigger therapeutical effects
(Manno et al. 2006). Different factors can influ-
ence transgene expression including AAV sero-
type, dose and vector design. Optimal design will
have to be determined for each condition, includ-
ing tissue specific promoter, enhancers and DNA
variants used. As it has been the case with hemo-
philia, numerous experiments in animal models
and clinical trials will be necessary in order to
identify the conditions required for therapeutic
effects in different diseases, including
tyrosinemia.

Development and validation of gene therapy
in postmitotic cells is currently underway.
Nonetheless, in a wide variety of genetic dis-
eases, symptoms appear during the first months/
years of life leading to mortality within few
years. Unfortunately, as demonstrated in animal
models, treatment of infants faces a major chal-
lenge because the loss of episomal vector
genomes that accompanies hepatocellular prolif-
eration during liver growth results in the rapid
extinction of transgene expression (Cunningham
et al. 2008, 2009; Weinstein et al. 2010; Cotugno
et al. 2011; McKay et al. 2011; Wang et al. 2011,
Lisowski et al. 2012; Kok et al. 2013). Thus, for
genetic diseases that manifest at a young age with
irreversible consequences, early treatment is cur-
rently unlikely to succeed. New approaches

aimed at integrating a fragment of therapeutical
DNA at a specific locus could allow permanent
modification of the cells and circumvent trans-
gene extinction.

Another limitation of gene therapy has been
discussed above and is what others have identi-
fied as the fitness of edited cells (Cox et al. 2015),
which is the ability of edited cells to have a selec-
tive advantage over unedited cells. This advan-
tage confers to the initially low number of edited
cells the ability to expand and reverse disease
symptoms. For example in SCID-X1, restoration
of IL2RG gene function in blood cells confers a
selective advantage and allows the modified cells
to expand relative to their diseased counterparts,
leading to a therapeutic effect (Hacein-Bey-
Abina et al. 2002; Gaspar et al. 2004). In some
cases, the absence of fitness in modified cells can
still lead to therapeutic effects. Most of these dis-
eases, including hemophilia B, have a common
denominator: even small changes in gene expres-
sion can alleviate symptoms or cure the disease.
This suggests that for some diseases, modifica-
tion of a limited number of liver cells could be
clinically relevant. This, however does not appear
to be the case in tyrosinemia.

As it could be anticipated, the administration
of AAV has direct impacts on the immune
response to foreign antigens. Immune responses
can be mounted and directed against AAV capsid,
the transgene or both (Mingozzi and High 2013).
Animal models foretold many aspects of the
human immune response to the transgene prod-
uct but largely failed to predict response to AAV
capsid (Mingozzi and High 2013). In a context
where an increasing number of therapies are
translated to clinical trials, viral load is an ever-
growing concern. Although AAV itself is not
associated with any known illness, most of the
human population has been exposed to wild-type
AAV since prevalence rate for antibody titers
exceeds 60% among adults (Boutin et al. 2010).
In clinical trials where AAV were delivered
through the bloodstream, low titer of neutralizing
antibody completely neutralized large doses of
vector (Manno et al. 2006). Conversely, the pres-
ence of anti-AAV antibodies does not seem to
affect efficiency when the vector is injected intra-
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parenchymally or into the eye (Kaplitt et al. 2007;
Bainbridge et al. 2008; Worgall et al. 2008;
Brantly et al. 2009). Gene therapy in subjects
with preexisting immunity to AAV remains a
major challenge for systemic delivery through
the bloodstream. The current approach excludes
patients with antibodies against AAV, but since
this involves up to 70% of the population, better
solutions must be found. Different techniques
including the use of immune suppressants are
currently being tested to decrease the risks of
immune reactions, but these are not free of poten-
tial side effects.

21.6 Genome Editing (Gene
Therapy 2.0)

To circumvent certain limitations associated with
AAV-based or in vivo gene therapy, permanent
targeted integration of the transgene in DNA is
required. The ability to modify the genomic
sequence of living cells through a process called
targeted homologous recombination has revolu-
tionized biology. Unfortunately, the effectiveness
of the conventional gene targeting tools has been
limited to lesser organisms. However, the
genomes of numerous species including mouse,
fish, fly, cow, and human cells have now proven
amenable to manipulation using a new class of
tools termed engineered nucleases (Urnov et al.
2010; Joung and Sander 2013; Pennisi 2013).
Specifically, three complementary classes of
designer enzymes that cleave precise DNA
sequences to introduce double-strand breaks
have been described: zinc-finger nucleases
(ZFNs) (Urnov et al. 2010), transcription activa-
tor-like effector nucleases (TALENs) (Joung and
Sander 2013), and RNA-guided endonucleases
(RGENs-CRISPR/Cas9 system) (Pennisi 2013).
Independently of the platform, the action of engi-
neered nucleases relies on the cells’ ability to
resolve the DNA break via evolutionary con-
served pathways, either by a non-templated error-
prone process called non-homologous end
joining (NHEJ), or using an exogenous template
to repair the break by homology directed repair
(HDR) (Lieber 2010; Moynahan and Jasin 2010).

Using this core technology, referred to as
“genome editing”, gene disruption (the targeted
induction of minor insertions and deletions),
gene correction (the introduction of discrete base
substitutions specified by a homologous donor
DNA construct) and targeted gene addition (aka.
targeted integration — the transfer of entire trans-
genes into a native genomic locus) has been
achieved in cancer, primary, and stem cells as
well as in many model systems (Urnov et al.
2010; Joung and Sander 2013; Pennisi 2013). Of
note, it is possible to design a donor molecule to
take advantage of the active DNA repair pathway
of the target cell. As a whole, this “genome edit-
ing” technology was named Science’s break-
through of the year in 2015 because it is highly
efficient in all species tested and is now a stan-
dard experimental strategy for gene manipulation
in pre-clinical models (Travis 2015).

Genome editing allows for the insertion of
therapeutic DNA to a predetermined site in the
genome. This represents a huge advantage for the
treatment of children or the targeting of prolifera-
tive tissues, since it alleviates any issues related
to dilution of the transgene. Considering that
therapeutic DNA can be inserted downstream of
strong promoters (Sharma et al. 2015), this tech-
nique could also circumvent low expression con-
cerns. Neonatal gene therapy has the potential
advantage of achieving therapeutic effects before
disease manifestation. Furthermore viral vectors
face a relatively immature immune system, which
could limit the use of immunosuppressants and
potentially adverse immune responses (Calcedo
et al. 2011; McKay et al. 2011). Genome editing
has been tested in a certain number of mouse
models of pediatric diseases, where it has shown
potential. ZFNs targeting FIX and a repair tem-
plate were packaged in liver specific AAV and
injected intraperitoneally in 2 days old neonatal
mice (Li et al. 2011a). Eight weeks following the
injection, donor insertion was observed with tar-
geting efficiencies in the range of 1-3% (Li et al.
2011a). This resulted in an increase of FIX levels
to 2-3% of normal that was sufficient to reduce
clotting time (Li et al. 2011a). Stable genomic
correction was assessed by partial hepatectomy,
where mice treated with both ZFN and donor
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retained FIX expression when compared to ani-
mals injected with episomal vector (Li et al.
2011a). No clinical trial has yet been approved to
treat children suffering from this condition.
Potential of neonatal genome editing using
CRISPR/Cas9 has also been evaluated in a mouse
model of X-linked deficiency of the OTC enzyme
(Yang et al. 2016). A liver specific two-vector
approach was used to inject 2 days neonates with
the RNA-guided nuclease and a donor template
(Yang et al. 2016). HDR-mediated repair was
observed in 8.3% of alleles, which led to a 100-
fold increase in OTC-expressing hepatocytes
(Yang et al. 2016). One concern about genome
editing is that persistence of the nuclease could
lead to off-target activity. When injected in neo-
nates, nuclease levels were undetectable by 8
weeks, suggesting that cell proliferation in the
newborn liver could be responsible for the desired
decline (Yang et al. 2016). Further analyses
revealed that OTC enzyme activity in the liver
was 20% of normal (Yang et al. 2016). When
submitted to a high-protein diet challenge, treated
mice showed a decrease of 40% in circulating
ammonia levels as compared to untreated con-
trols, and showed no clinical signs of the disease
(Yang et al. 2016). Interestingly, these effects
were not recapitulated when adult mice were
injected, suggesting that treatment of newborn
could represent a significant advantage in genome
editing. These reports highlight the feasibility of
genome editing in the neonatal liver using AAV
delivery and support the hypothesis that perma-
nent DNA modification is a potential therapeutic
avenue for the treatment of children.

Genome editing was also tested in animal
models of tyrosinemia. First, nuclease and donor
template were administered through intravenous
hydrodynamic injection in adult mice (Yin et al.
2014). Mice were removed from NTBC 3 days
following injection and weight loss was pre-
vented. At sacrifice, liver damage was substan-
tially less in treated mice as assessed by liver
enzymes levels and histology, suggesting a res-
cue of the FAH phenotype (Yin et al. 2014).
Indeed, genome editing generated FAH produc-
ing hepatocytes with an initial repair frequency
estimated to 0.4% (Yin et al. 2014). In vivo selec-

tion via NTBC removal led to the presence of
widespread patches of FAH" liver cells that were
sufficient to prevent weight loss (Yin et al. 2014).
Similarly to what was observed with gene ther-
apy, only a fraction of hepatocytes was repaired
leading to a correction of the phenotype, but
without alleviating concerns about cancer. This
report describes the potential for gene therapy in
tyrosinemia, however hydrodynamic injection is
not likely to be used in humans. Using an alterna-
tive approach, the same group delivered CRISPR
nuclease mRNA via lipid nanoparticles and
gRNA as well as donor template in an AAV (Yin
et al. 2016). The rationale behind this strategy
was to limit nuclease expression in time and to
reduce AAV load, since two different AAV would
be needed to package the nuclease, gRNA and
repair template. Following 30 days of NTBC
removal, treated mice displayed expression of
FAH in up to 6% of hepatocytes, which was par-
alleled by weight gain and a decrease in liver
enzymes (Yin et al. 2016). This report demon-
strates the feasibility of combining viral and non-
viral delivery for the modification of liver cells,
and confirms the feasibility of hepatic genome
editing.

21.7 Limits of Genome Editing

Specificity has been an ongoing concern since
the development of engineered nucleases (Doyon
etal. 2011; Slaymaker et al. 2016). A lot of efforts
are currently directed towards the discovery and
validation of more specific nucleases. Nucleases
from the CRISPR system can tolerate a certain
number of mismatches in targeted sequence lead-
ing to off-target activity (Slaymaker et al. 2016).
It was suggested that the most commonly used
enzyme variant (SpCas9) can cleave an average
of 90 sites in vitro (Kim et al. 2016b), leading to
concerns about oncogenesis. To circumvent this
issue, more specific variants have been developed
(Slaymaker et al. 2016), and other nucleases from
the CRISPR system displaying increased speci-
ficity have been discovered or engineered
(Zetsche et al. 2015; Kim et al. 2016a). Further
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in vivo studies will be needed to compare on and
off-target activities of these nucleases.

Using engineered nucleases to cut out part of
a gene, hence invalidating its function, yields
relatively high success rates (Wang et al. 2013).
This strategy is in fact already being tested in
clinical trials for HIV (Wang and Cannon 2016).
On the opposite, when these nucleases are used
to correct a gene using a repair template, efficacy
drastically decreases. This phenomenon can be
explained by the fact that integration of DNA
uses HDR, which is only active in dividing cells
(Shrivastav et al. 2008). Considering the current
inability to select for corrected cells in vivo,
developments aimed at increasing HDR fre-
quency will be essential for the success of future
clinical trials.

To date, in vivo editing has largely been
achieved through the use of viral vectors with
defined, tissue-specific activity. Such vectors are
currently limited in terms of cargo carrying
capacity and tropism, restricting this mode of
therapy to organs where transduction with clini-
cally useful vectors is efficient, such as the liver,
muscle and eye (Maguire et al. 2008; Grieger and
Samulski 2012; Wang et al. 2012a). Nonetheless,
treatment of most genetic diseases requires the
targeting of a large subset of organs, and in some
cases the entire body. Techniques for targeting
numerous systems are not optimal and will
require further development. Importantly, viral
cargo capacity needs to be improved, either by
developing smaller nucleases or by finding alter-
natives to the AAV vectors currently used.
Considering that two or three different AAV are
required in order to package the nuclease, gRNA
and repair template and that high doses of AAV
are necessary for therapeutic effects, an increase
in viral cargo capacity could lead to a significant
reduction of total viral vectors injected. As for
gene therapy, immunogenicity remains a concern
in genome editing. In addition to a potential reac-
tion against AAV capsid, it was suggested that an
immune response could be mounted towards the
nuclease as well (Wang et al. 2015). Delivering
nuclease mRNA or protein could limit the expo-
sure, thus reducing potential immunogenicity.

21.8 Concluding Remark

Current advances support the idea that gene ther-
apy and genome editing could have a positive
impact on the phenotype of patients suffering
from tyrosinemia. Of note, most strategies lead to
weight gain and a reduction of liver enzymes,
however toxic metabolites levels were not always
measured. Still, correction frequency remains
low and even with in vivo selection using NTBC
withdrawal uncorrected cells remain, which
could lead to neoplasm concerns. The feasibility
and consequences of NTBC removal to stimulate
liver repopulation by corrected cells in humans
will need to be assessed before clinical trials are
designed. At the current state of the technology,
one could hypothesize that tyrosinemic patients
treated by gene therapy/genome editing could
eventually lessen diet restriction due to a partial
rescue of FAH activity. Nonetheless, until a strat-
egy leading to the repair of 100% hepatocytes is
developed, NTBC regimen would need to be con-
tinued to lessen cancer risks. Genome editing
offers a greater degree of precision in how spe-
cific DNA sequences are changed. While ethical
concerns have previously been raised over
genetic manipulations, the advent of engineered
nucleases has prompted recent calls for a genome
editing moratorium over germ-line modification.
Some have also raised the possibility that genome
editing of somatic cells for “enhancement” (intel-
ligence, muscular function, height, etc) poses a
specific ethical issue. Benefits of genome editing
have included better targeted gene therapy in ani-
mal models of some diseases; these tools are also
hoped to lead to a better understanding of the
structure, function and regulation of genes.
Currently modifying plants, animals, and non-
inheritable cells in humans is allowed under strict
controls. However, modifications that alter the
human germ-line are not allowed, with the
exception of the decision in the UK to allow
mitochondrial replacement. Gene therapy strate-
gies diverge in efficacy and potential adverse
effects, and their use is established on defining a
risk-benefit ratio. As with any other medical pro-
cedure, this balance will be individually defined
depending on the type of cell being edited, the
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nature and extent of the editing procedure, and
the therapeutic application. Given our still rudi-
mentary knowledge of the genome and its regula-
tion, the issue of identifying unintended/
unanticipated consequences should be put
forefront.
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