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Hereditary tyrosinemia type I (HT I, McKusick 276700) is a metabolic disease with
a pattern of autosomal recessive inheritance. The disease is caused by a deficiency of
the enzyme involved in the last step in the degradation of the amino acid tyrosine,
fumarylacetoacetate hydrolase (FAH). The result of this block is the accumulation of
catabolites some of which have been proposed to be highly toxic due to their alkylating
potential. In humans, hereditary tyrosinemia is often associated with the development
of hepatocellular carcinoma in young patients. The reasons for the high incidence of
hepatocellular carcinoma are unknown but it has been suggested that it may be caused
by accumulated metabolites such as fumarylacetnacetate (FAA) and maleylace-
toacetate (MAA). The various mutational defects in the FAH gene are reviewed. The
use of two mouse models of this disease to study the molecularbasis of the pathologies
associated with HT I are discussed. Finally, some preliminary data on the mutagenic

potential of FAA and MAA in a gene reversal assay are presented.

HEREDITARY TYROSINEMIA: A SEVERE
DISEASE OF TYROSINE CATABOLISM

Tyrosine is a semi-essential amino acid
derived in mammals from the hydrolvsis of
dietary proteins and/or from the hydroxyla-
tion of the essential amino acid phenylalanine
by phenylalanine hydroxylase (PAH) (review

in [1, 2]). As shown in Fig. 1, tyrosine can either
be anabolysed for the production of catecho-
lamines and melanins or degraded through a
five-step catabolic pathway. The five enzymes
involved in this degradative pathway are tyro-
sine aminotransferase (TAT), p-hydroxyphe-
nylpyruvic acid dioxygenase (HPPD),
homogentisic acid dioxygenase (HGAD), ma-
leylacetoacetate isomerase (MAI) and fumary-
lacetoacetate hydrolase (FAH; EC 3.7.1.2). The
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end products of the catabolic degradation are
then incorporated into the citric acid cycle.

Inborn errors of metabolism have been do-
cumented for at least four of the steps of this
pathway but the most severe disease, hered-
itary tyrosinemia type I (HT 1), is the one affect-
ing the last enzyme in the catabolic pathway,
FAH. The enzymatic defect in HT [ was origin-
ally described by Lindblad ef al. [3] on the basis
of the presence of succinylacetone (SA), a deri-
vative of FAA, in urine of the patients. This
compound which can be easily measured by its
inhibitory activity on the enzyme §-aminole-
vulinate dehydratase is diagnostic of the dis-
ease |3, 4.

Tyrosinemic children show as a rule hepato-
megaly and have high levels of urinary and
plasmatic tyrosine and methionine and of other
metabolites of the catabolic pathway. Some of
the clinical and biochemical features of HT [ are
summarized in Table 1. As can be seen, the
clinical picture is variable with multiple patho-
logical manifestations at the hepatic and renal
levels. Another frequent feature of HT | is the
occurrence of severe neurological porphyria-
like crises [5]. There exist two clinical forms of
tvrosinemia. The acute form of the disease is
characterized by a rapid deterioration of he-
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patic and renal functions leading to death from
hepatic failure in infancy. In the chronic form,
further complications arise with renal dysfunc-
tions, cirrhosis and frequently development of
hepatocellular carcinoma. HT | has been re-
ported worldwide but shows a particularly
high incidence in the French-Canadian popula-
tion of eastern Quebec {Canada) where 1 in
1846 children are affected at birth [6].

In view of the high incidence of the disease in
this region (Saguenay-Lac-5t-Jean) where esti-
mates of the frequency of carriers ranged from
l1in16to1in25(7, 8], and of its severity, efforts
have been initiated a few years ago to find the
molecular defect(s) involved in both clinical
forms of HT I with the hope of devising simple
tests for carriers’ detection which could be ap-
plied to the population at risk.

The putative defective enzyme, FAH was
purified from human, rat [9, 10] and beef liver
[11] and used to generate antibodies to probe
liver specimens from HT [ patients and to clone
the corresponding ¢cDNA from expression li-
braries [12, 13]. By immunoblotting with an
anti-rat FAH antibody, we showed that FAH
was absent from liver extracts of HT | patients
with the acute form of the disease and present,
but at a reduced level correlated with the

P Tyrosing — — — — —fp Caiccholamines

Tvrosine aaratrgeniferise (TATE

NTBC —_—

p-OHphenylpyruvic acid (HPP)

p-HEP dicvgenasve (HPPD

Homogennsic acid (HGA)

HGA divvpenase

Maleyiacetoacelate (MAA)

l”r'l-.-'l. TLEARREFONE \

Fumarylaccioacetate (FAA)
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Fumarylacetoacetate hydrolase
(FAH)
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Fig. 1. Tyrosine catabolic pathway in mammals.
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Table 1
Symptoms for hereditary byrosinemia type |

]-__ R SYMPTOMS ,
Vomiting |Fever
Diarrhea Lethargy
| Failure to thrive Arritability !
L SIGNS
Hepatomegaly | Ascites :
‘Jaundice Bleeding tendencies |
. "Boiled cabbage” odor a8
[ BIOCHEMISTRY !

Tvrosinemia '"Tvrosyluria '
' Methioninemia ‘Glucosuria I

Hyperbilirubinemia ‘Phosphaturia

, Fanconi-like syndrome !
with generaiized
aminoaciduria

‘Hvpoglvcemia

sHypoprothrombinemia
'Hvpoproteinemia

Increased a-fetoprotein |

PATHOLOGY
Rickets {Cirrhosis
TPorphvria-like . : :
syndrome .Hepahc carcinoma

Neurologic crises

measured enzymatic activity, in those from pa-
tients with the chronic form suggesting that the
molecular basis of the defect was different in
these two clinical forms [9, 14].

The human FAH gene which maps to region
q23-q25 on human chromosome 15 [13] con-

————
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tains 14 exons spanning over 35 kb of DNA[15].
The structure of the gene is identical to that of
the mouse gene and the open reading frame
shows 94% amino acids identity with the rat
and mouse cDNAs (80% at the nucleotide
level). FAH is mainly expressed in the liver
and kidneys but also shows a basic level of
expression in most tissues. A high level of
expression of FAH has also been reported in
specific cells of the white matter in the brain
[16]. This is consistent with a preliminary ana-
lysis of the FAH gene promoter regions which
is GC rich with no TATA nor CAAT elements.
Eleven putative 5P1 sites are localized in the
first 600 base pairs [15]. Thus the FAH gene
has elements common with housekeeping
genes.

Probes and antibodies were used to investi-
gate the molecular heterogeneity of HT [ by
northern blot, immunoblot and direct enzy-
matic activity measurements on a number of
patients’ liver specimens [14]. Some of the pa-
tients were chosen for mutational analysis by
mRNA amplification and sequencing. The first
discovered mutation of a French-Canadian pa-
tient was a missense mutation where an as-
paragine residue was substituted by isoleucine
at position 16 (N161). By means of site-directed
mutagenesis of the FAH ¢cDNA coupled with
transfection in cultured cells and assay of the
phenotype this mutation was shown to be the
cause of HT I [14]. The transfected cells pro-
duced mRNA but no stable protein, a pheno-
type identical to that observed in the patient
liver. This suggested that the N16] modification
gaverise toanunstable enzyme. Unfortunately,
this mutation turned out to be a rare one and

exons | | | 2 HEREKE

|1

1T
N

9 ]m[n

I musscnse (17)

I mynsense (5

? splice mutatwon 4

37 I

Fig. 2. Location of mutations found in the human FAH gene.
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has only been found in one of the thirty-seven
(37) HT I patients’ DNA examined up to now.

In the past two years, many mutations have
been reported in the FAH gene of HT [ patients
from various regions of the world and twenty
seven (27) missense, splice or stop mutations
have been reported at this time (M. St-Louis &
R.M. Tanguay, submitted). As shown in Fig. 2,
these mutations are evenly spread along the
FAH gene with no evidence of concentration in
any “hot spot” regions. Many of the mutations
were found in single patients or within geo-
graphical isolates like the W262X mutation re-
ported in the Finnish patients [17]. However,
one mutation originally found in a French-Ca-
nadian and an Iranian HT [ patients [18], the
IV512+5G— A splice mutation turned out to be
the most prevalent and widely spread mutation
of FAH. This mutation, which is prevalent in
the eastern Québec French-Canadian popula-
tion where it appears in up to 95.6% of alleles
of carriers of HT I [8], has also been observed in
28% of HT | patients tested from outside Que-
bec [7]. This has led to the development of a
carrier assay for this mutation within the popu-
lation at risk as well as of other simple tests for
frequent or geographically isolated mutations,
We will now return to the issue of the ethiogen-
esis of the pathologies in HT L

As mentioned in the introduction, liver cancer
1sa common feature in a large percentage of HT
I children [2]. The only effective treatment is
liver transplantation and /or a drug treatment
with 2-(2-nitro-4-trifluoromethylbenzovl)-1,3-
cyclohexanedione (NTBC), a product which is
presumed to act by preventing the accumula-
tion of by-products resulting from the enzy-
matic block at the FAH level [19]. This inhibitor
acts upstream of FAH by blocking HPPD, the
second enzyme in the pathway (Fig. 1). Some
of the by-products accumulating as a result of
FAH deficiency are known to be highly toxic.
This is the case for fumarylacetoacetate (FAA)
and maleylacetoacetate (MAA) both of which
have been suggested to be capable of alkylating
thiols and other functional groups of biological
macromolecules [1, 20].

Since there are yet no rigorous proofs that
these products are causative of the active devel-
opment of hepatocellular carcinoma in HT I
patients, animal models would be particularly
useful to study the basis of the pathology of this
disease. Recently, two mouse models of HT |
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have been described. The first one was ob-
tained by transgenesis of a FAH ¢DNA into a
well known neonatal lethal mouse model with
a large deletion (4 Mb) on chromosome 7 [21].
This model known as the lethal albino mouse
[22] has been extensively studied by many
groups since many hepatic genes displayed ab-
normal expression or failed to respond to glu-
cocorticoid induction at birth (review in [23]).
Sequencing at the breakpoint and search of
Genbank showed that the *AH gene was dis-
rupted. Due to the large size of the deletion and
to the complexity of the molecular phenotype
of this mouse mutation, rescue experiments by
transgenesis were initiated. The lethality
phenotype could be corrected by simply ex-
pressing a FAH transgene [21]. Various mouse
lines expressing different levels of the trans-
gene were generated and are currently under
study for assessing the effects of tyrosine cata-
bolites on hepatic functions and on hepatocar-
cinogenesis. One of these lines (#921) seems
particularly promising as it shows a low level
of expression of FAH (< 4%) reminiscent of the
phenotype in chronic human HT | patients. In
this transgenic line rescue was not total and
expression of the gene NMO-1 (encoding
NAD(P)H — menadione oxidoreductase), a
gene inducible by oxidative damage and in-
volved in detoxification, remained high.

A second model was developed by Grompe
and his colleagues who knocked-out the FAH
gene by homologous recombination. The re-
sulting mice died at birth thus reproducing the
albino phenotype [24]. Although many hepatic
functions were impaired in the homozygote
recessive animal, the liver did not show the
intensive damages seen in the liver of HT [
patients. At first, this mouse model seemed of
limited value since FAH-/- homozygotes had
a lethal phenotype. However, it was recently
shown that pregnant mice treated with NTBC
gave birth to normal fully viable homozygous
FAH-/- mice showing that the lethal hepatic
dysfunction could be pharmacologically cor-
rected [25]. Nevertheless, additional data on
mice treated with NTBC shows that, on pro-
longed treatment 50% of them develop liver
tumors [25].

Why does cancer develop in NTBC-treated
mice? Three explanations are presently being
examined. First, N'TBC, a reversible inhibitor of
HPPD [26], may incompletely block the path-
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way at the dose used. A second possibility is
that FAA is nevertheless produced by metabo-
lites which can get in the degradation pathway
bv an unknown entry point downstream of
HPPD. Such a pathway does exist in the fungus
Aspergillus nidulans where phenylacetate can
enter at the homogentisic acid step [27] (see Fig.
1). It remains to be seen if such alternative
pathways exists in higher eukaryotes. A third
possibility is that NTBC itself, which is a her-
bicide, is carcinogenic. However, at this time,
the similarity in the liver pathology seen in HT
I patients and in older mice on NTBC treatment
suggests that the accumulation of, and expo-
sure to, even small amounts of tyrosine by-pro-
ducts may have detrimental effects. Further
studies will be needed to differentiate between
these possibilities.

REVERSION OF MUTATIONS IN THE LI-
VERS OF HT 1 PATIENTS

Another recent finding of major interest is the
reversion of the mutations in the liver of HT I
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patients which was reported by Kvittingen et al.
[28, 29]. Immunohistochemical studies showed
a mosaic pattern of expression of FAH in the
liver of five Norwegian patients. Amplification
of DNA from the dissected FAH" regions fol-
lowed by sequencing showed reversion of the
point mutation inone of the FAH allele. We also
observed a similar reversion of FAH expression
in the liver of French-Canadian patients ho-
mozygous for the splice mutation, Figure 3
shows a section from the liver of an HT | patient
homozygous for the IVS12+5G—A splice mu-
tation which was stained with an antibody
against FAH. As can be seen, some nodules
show expression of FAH. We have amplified
FAH DNA from microdissected nodules and
tested for the reversal of the mutation using a
simple restriction enzyme assay. Reversion of
the mutation was observed but the situation is
not as simple as the one previously reported in
the Norwegian group. Thus, reversion was ob-
served in both FAH and FAH" nodules. This
intriguing preliminary observation is being
further investigated to see whether this was the
result of a staining artifact or whether other

Fig. 3. FAH immunohistochemical staining by a standard peroxidase method on a 10 wm liver section.

This tiver was obtained after transplantation of a 9 year old tyrosinemia patient homozy gous for the IVS12+5G— A splice
miutation. Two major ellipse-like nodules are seen. The one on the right has a large diameter of 4 mm and shows a strong
level of FAH (FAHT). The one on the loft has a large diameter of 3.5 mm and shows a Jow level of FAH (FAH) (approx. 20,
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elements could control the expression of FAH
in some nodules. In any event, these data sug-
gest that FAH expressing cells have a selective
growth advantage and that this property may
be positively used to try to repopulate an hepa-
tectomized liver transfected with, for example,
an FAH containing retrovirus (see below).

ARE TYROSINE CATABOLITES CARCINO-
GENIC?

Previous tests conducted in our laboratory
have shown that the reactive compounds FAA
and MAA are toxic to cells and that this cyto-
toxic effect can be partially prevented by addi-
tion of glutathione (GSH) and other SH-
containing molecules, a finding consistent with
the adduction of FAA by glutathione (Tanguay,
R.M. & Reed, A., unpublished). The discovery
of mutation reversion in HT | livers, the exten-
sive cellular damages observed in this organ
and the high incidence of hepatocarcinomas
(about 50%) in these patients suggest that some
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these compounds is now being tested in differ-
ent prokaryotic and eukaryotic assay systems.

GENE THERAPY IN HEREDITARY TYROSI-
NEMIA

The successful rescue of the albino mouse
which was observed even with a low level of
FAH activity opens the possibility of using gene
therapy as a means to complement the human
enzyme deficient cells. Insertion of a human
FAH cDNA in a retroviral vector has been
shown to effectively restore FAH activity in
primary fibroblasts from HT 1 patients [30].
Thus, it is therefore feasible in ex-vivo gene
transfer experiments, such as that succesfully
used in the case of familial hypercholesterole-
mia [31], to restore FAH activity. Liver is an
organ particularly appropriate for such an ap-
proach due to its regenerative potential and to
the ease with which hepatocytes corrected in
vitro can be re-targeted to the organ in vivo. [t
may also be possible to combine this approach

Table2
Mutation frequency induced by fumarylacetoacetate, maleylacetoacetate and succinylacetone in V79 cells
Test compourd Cuniﬂ}aliun “ Su 1\% ;f.sll': Cloning( ;f:lﬁciency _Mu ta::tlgriqé:e#cy
None” s 100 482+72 6.8+ 0.8 (5.8-7.6)°
FAAP 100 48 £ 15 692+75 16.4 + 44 (12.8-22.5)
MAA 100 84 83 B/ % || .
SA 700 90 88 77,92 4|
EMS? 2500 77 66 714.1, 4855 !

* Control cells were treated with the vehicle, HBSS. ® The cells were exposed o the test compound for 24 h in DMEMFBS (5%,
“Determined from the cell number present at the first subculture during the expression period.  Determined after an expression period
of 6 days, after which a total of 5 % 10° cells were subjected to selection by 6-thioguanine (7 pg/ml) [33]. © Values for untreated and
FAA-treated cells are the mean + SE of four separate exposed cultures, the observed range is given in parentheses, “Values for MAA-,
SA-, or EMS-treated cells were obtained from two single experiments. ® Used as positive control.

of the by-products of tyrosine catabolism may
even target cellular DNA. This led us to test for
the possible mutagenic and /or carcinogenic ef-
fects of FAA, MAA and SA in appropriate sys-
tems. The first results of suchan experiment are
shown in Table 2. The system chosen consisted
of scoring the number of HGPRT-revertants in
V79 cells exposed to the compounds. As shown
here, only FAA (100 pM) induced an increase in
mutant frequency. The mutagenic potential of

with retroviral-mediated cytokine gene trans-
fer which has recently been found to inhibit
metastasis formation in the liver [32].
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