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Abstract

Two Norwegian patients with chronic tyrosinemia type I
showed > 50% residual fumarylacetoacetase activity in liver
samples obtained during liver transplantation. The enzyme
characteristics of both patients were comparable with those of
a normal control. Inmunohistochemistry on liver sections from
these patients and from three other Norwegian tyrosinemia pa-
tients revealed a mosaicism of fumarylacetoacetase immunore-
activity corresponding completely or partly to some of the re-
generating nodules. This appearance of enzyme protein is pre-
sumably induced by the disease process. The mechanism
involved remains unclear and could be caused by a genetic alter-
ation, regained translation of messenger RNA, or to enhanced
stability of an abnormal enzyme. (J. Clin. Invest. 1993.
91:1816-1821.) Key words: liver disease * amino acid metabo-
lism » mosaicism « immunohistochemistry « mutagenesis

Introduction

Hereditary tyrosinemia type I (McKusick 27670) is an autoso-
mal recessive disorder caused by an almost complete deficiency
of fumarylacetoacetase (FAH),' the last enzyme in tyrosine
degradation, functionally important in the liver and kidneys
(1). Because of the enzyme block, the metabolites fumaryl-
and maleylacetoacetate accumulate. These alkylating agents
are presumably responsible for the injuries of the disorder: pro-
gressive liver damage and kidney disease. The disorder is clini-
cally heterogeneous and is referred to as acute or chronic. Pa-
tients with the acute form die within the first year of life be-
cause of liver failure. The chronic form presents later in
childhood, usually with rickets and moderate or few signs of
liver disease, but the patients die of progressive liver disease in
young age. Development of hepatocellular carcinoma is fre-
quent in chronic tyrosinemia (2).
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Distinction between acute and chronic tyrosinemia has
been claimed on the basis of residual FAH activity and the
amount of immunoreactive FAH protein by some investiga-
tors (3), but this has not been observed by us in previous stud-
ies (4). We have found < 2% residual enzyme activity in liver
tissue from both chronic and acute patients.

In a Norwegian tyrosinemia patient, Western blots revealed
presence of FAH immunoreactivity in liver tissue but not in
fibroblast extract. This lead to the discovery of high residual
FAH activity in some sections of the liver, and immunobhisto-
chemical investigations demonstrated a mosaic distribution of
immunoreactive FAH material. Here, we report the findings in
this patient and similar findings in four other Norwegian pa-
tients with chronic tyrosinemia.

Methods

The diagnosis of tyrosinemia in the five studied patients were estab-
lished between 1 and 6 yr of age by demonstration of low FAH activity
in fibroblasts and/or lymphocytes and elevated urinary excretion of
succinylacetone (7-700 pmol/mmol creatinine vs normal < 0.2
umol/mmol). Succinylacetone was identified by capillary gas chroma-
tography-mass spectrometry and quantified by the é-aminolevulinic
dehydratase inhibition assay (5). FAH activity was measured as previ-
ously described (4). Calculation of enzyme kinetics and inhibition ef-
fects of ZnCl,, CuCl,, and p-chloromercuribenzoate were investigated
as previously reported (6).

Two of the patients were transplanted because of hepatocellular
carcinoma at 7 yr (patient 1) and 14 yr (patient 3) of age; the others
were transplanted at age 3 (patient 4), 6 (patient 5), and 8 (patient 2)
yr without evidence of liver cancer.

Liver tissue was either frozen immediately in liquid nitrogen or at
—70°C, or fixed in 4% neutral formaldehyde. Subcellular fractionation
on fresh liver tissue (from patient 2) was performed by differential
centrifugation as described by de Duve (7). Western blots were run as
previously reported (4, 8).

Immunohistochemical investigation for FAH was performed in sev-
eral liver specimens from the five tyrosinemia patients, in liver tissue
from three normal controls, in two patients with cirrhosis caused by
chronic autoimmune hepatitis, and in one patient (liver transplanted)
with cirrhosis from chronic active hepatitis. An alkaline phosphatase /
anti-alkaline phosphatase (APAAP) method was used (9); dewaxed
5-um sections of formalin-fixed and paraffin-embedded tissue blocks
were incubated with a rabbit antiserum ( 1:800) of established specific-
ity for bovine FAH and known to crossreact with the human counter-
part (4, 8). The developed sections were lightly counterstained with
hematoxylin.

Results

Fig. 1 shows a Western blot of fibroblast and liver extract from
patient 1; no immunoreactive FAH was seen in fibroblasts but
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Table I. FAH Activity in Various Tissues from the Five
Tyrosinemia Patients and Their Parents

Fibroblasts Liver Figure 1. Immunoblot-
ting of fibroblast and
C P C P liver extracts in tyro-
r Tr 1T i , sinemia patient 1 (P)

FAH
Liver
tissue Fibroblasts Lymphocytes
U/g protein
Patient 1 6-32 <0.15 <0.2
Mother 1.8
Patient 2 26* <0.15 <02
Mother 1.3 2.6
Father 1.7
Patient 3 0.4-4 <0.15
Mother 1.5 1.1
Father 1.3 1.5
Patient 4 ND <0.15
Mother 1.7 14
Father 1.6 1.6
Patient 5 ND <0.15
Mother 1.5
Father 1.7
Controls 33-66 2.3-39 2.5-4.2
n=17 (n = 26) (n=174)

1 U is the amount of enzyme hydrolysing 1 umol fumarylacetoace-
tate/min at 37°C. * High enzyme activity was found in all frozen
liver samples. ND, not determined (frozen tissue unavailable).

significant amounts of cross-reactive material were present in
liver tissue. Immunoreactivity was likewise absent in fibro-
blasts from the other four patients.

The FAH activity in various tissues from the patients and
their parents is given in Table I. Substantial enzyme activity
was present in frozen liver samples from patient 1, > 50% of
the normal mean activity being seen in some samples. High
FAH activity was found in all frozen liver samples from patient
2, whereas only some residual enzyme activity was measured in
a single liver sample from patient 3. Liver tissue for enzyme
determination was not available in patients 4 and 5. The par-
ents had enzyme activities compatible with a heterozygous ge-
notype.

Subcellular fractionation of fresh liver tissue from patient 2
located the FAH activity to the cytosol as normal. The enzyme
of both patients 1 and 2 showed K, and V,,, values, pH opti-

and control (C). Ap-
plied samples: fibroblast
protein, 100 ug; liver
tissue protein, 10 and 5
ug from patient (lanes

5 and 6, respectively)
and control (lanes 3 and

12 3456 =

mum, inhibition pattern towards metal ions, and freeze /thaw
stability comparable with a normal control (Table II). In pa-
tient 1, the K, and V,,, values altered slightly after leaving the
enzyme on ice for 7 h.

Immunohistochemistry on liver tissue from patient 2 is
shown in Fig. 2; a distinct mosaic pattern of FAH with immu-
noreactivity confined to only two regeneration nodules was
seen in one section (A4), whereas in another section (B), all
nodules were positive. There was no apparent morphological
difference between positive and negative hepatocytes (C and
D) in this patient. Similar staining for FAH in patient 4 (Fig. 3)
showed several immunoreactive nodules (4). Centrally in one
nodule, there was a focus of positive cells (B and D) that periph-
erally mingled with negative ones (C). Mosaicism was ob-
served also in the other three patients (1, 3, and 5); some sec-
tions showed mostly immunoreactive nodules while other
areas were mainly negative. Liver tissue from the normal con-
trols always showed an even distribution of FAH immunoreac-
tivity. The three cirrhotic patients with either chronic active
hepatitis (Fig. 4) or chronic autoimmune hepatitis had immu-
noreactive FAH protein in all regenerating nodules.

Discussion

The level of FAH activity observed in liver tissue from the
tyrosinemia patients and the mosaic distribution of FAH in
regenerating nodules presumably reflect a correction of the en-
zyme defect in clones of proliferating hepatocytes. Because the
phenomenon occurs in liver tissue, this correction might be
related either to the accumulated metabolites directly or to the
regeneration process. The mechanism underlying the correc-
tion is not clear. Reexpression of a fetal form of the FAH pro-
tein is unlikely as prenatal diagnosis of tyrosinemia is per-

Table II. Kinetic Constants, Inhibition Effects and Freeze/Thaw Stability of Liver Fumarylacetoacetase in Tyrosinemia Patients 1 and 2

Compared with a Normal Control

Percent inhibition by Percent inhibition by

Percent inhibition by ZnCl, CuCl, p-cmb* % retained
activity by
mmol/liter mmol/liter mmol/liter freeze/thaw
K Venax pH-Optimum 0.01 0.05 0.1 1.0 0.05 0.1 1.0 0.05 0.1 0.5 X 10
Patient 1 1.2 1.0 7-8.5 10 43 64 61 14 41 75 0 5 94 95
3.2¢ 0.7¢
Patient 2 0.8 0.8 7-8.5 12 56 73 73 10 36 72 0 4 93 96
Experiment control 1.2 0.7 7-8.5 13 49 64 60 19 54 64 0 13 95 95

* p-cmb, p-chloromercuribenzoic acid; * K, and ¥, values obtained after leaving the enzyme solution on ice for 7 h.
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formed by assay of succinylacetone and FAH activity from the
first trimester (10), and only one gene for FAH has been indi-
cated by in situ hybridization of FAH ¢cDNA (11). Enhanced
stability of an unstable protein may also be a less likely explana-
tion, because the enzyme characteristics of the two patients
corresponded well to those of a control ( Table II), indicating a
normal configuration of their enzyme. A stabilization of
mRNA, with correct coding sequences, or a reversion of some
transcription /translation inhibition could result in expression
of a normal enzyme. The immunohistochemical result, show-
ing an apparent clonal distribution of the enzyme protein, sug-
gests a stable correction within a set of cells. A genetic correc-
tion would account for both a normal enzyme and a stable
reappearance of the protein. There would be a strong positive
selection pressure on cells containing the enzyme. If the tyro-
sinemia patients showing the mosaicism were compound het-
erozygotes, mitotic recombination between homologous chro-
matids could theoretically explain the observed enzyme correc-
tion. Mitotic recombination is presumed to occur in
mammalian tissue in vivo (12, 13). Alternatively a somatic
mutation could be introduced in a way to correct the primary
defect. Somatic cell mosaicism has been postulated for domi-
nantly inherited and x-linked disorders (14) and in a case of
xeroderma pigmentosa, a recessively inherited deficiency of a
DNA repair enzyme (15).

The metabolites accumulating in tyrosinemia have a num-
ber of effects in the cell; they inhibit adenosylmethionine syn-
thase (16) and mixed function oxidases, result in reduced gluta-
thione level (17), and affect cellular growth (18). The liver is
the major production site of these metabolites, and liver cancer
is more frequent in tyrosinemia than in patients with liver cir-
rhosis of other causes (2). The metabolites, presumably indi-
rectly, induce rapid cell division with implemented mutagene-
sis and carcinogenesis. Direct mutagenic effect of the metabo-
lites has yet to be demonstrated.

The present findings imply that diagnosis of tyrosinemia by
assay of FAH activity in liver tissue from chronic patients
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Figure 4. Immunohistochemi-
- cal staining (APAAP) of liver
tissue from a cirrhotic patient
with chronic active hepatitis
(liver transplanted). Even dis-
tribution of staining is seen in
all regenerating nodules.

could be misleading. When mosaicism exists, the enzyme level
found depends entirely on the condition of the actual biopsy
sample. We speculate that the substantial residual FAH activity
reported in chronic tyrosinemia by others (3) is a result of
mosaicism. Furthermore, substantial correction of the enzyme
activity could possibly contribute to the long-time survival of
some tyrosinemia patients. Reappearance of FAH activity in a
cell abolishes the metabolite production in this cell, but does
not protect surrounding cells from further damage and malig-
nant transformation. Elucidation of the mechanism(s) under-
lying the correction of the enzyme defect in tyrosinemia may
give further insight into various cellular mechanisms.
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