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Abstract

A mosaic pattern of immunoreactive fumarylacetoacetase
(FAH) protein was found in liver tissue in 15 of 18 tyro-
sinemia type I patients of various ethnic origins. One addi-
tional patient had variable levels of FAH enzyme activity in
liver tissue. In four patients exhibiting mosaicism of FAH
protein, analysis for the tyrosinemia-causing mutations was
performed in immunonegative and immunopositive areas of
liver tissue by restriction digestion analysis and direct DNA
sequencing. In all four patients the immunonegative liver
tissue contained the FAH mutations demonstrated in fibro-
blasts of the patients. In the immunopeositive nodules of re-
generating liver tissue one of the mutated alleles apparently
had reverted to the normal genotype. This genetic correction
was observed for three different tyrosinemia-causing muta-
tions. In each case a mutant AT nucleotide pair was reverted
to a normal GC pair. (J. Clin. Invest. 1994. 94:1657-1661.)
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Introduction

Hereditary tyrosinemia type I (McKusick 27670) is caused by
a severe deficiency of fumarylacetoacetase (FAH)' (E.C.
3.7.1.2), the last enzyme in tyrosine degradation. The disorder
is of autosomal recessive inheritance and is characterized by
hypophosphatemic rickets due to renal tubular dysfunction and
progressive liver disease with pronounced regeneration. It often
leads to development of hepatocellular carcinoma if the patients
survive for some years (1). The disorder occurs worldwide but
with particular high frequency in Quebec, Canada.

Recently we reported a mosaic pattern of immunoreactive
FAH protein in liver tissue of five Norwegian tyrosinemia pa-
tients, and in two of the patients some areas of liver tissue
contained up to 50% residual FAH activity (2). We have now
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extended this investigation to 19 tyrosinemia patients of various
ethnic origins. We furthermore report the results of mutation
analysis of liver tissue from areas with or without immunoreac-
tive FAH protein in four patients exhibiting the FAH mosaicism
in liver tissue. In these patients the ‘‘reappearance’’ of immuno-
reactive FAH protein appeared to be caused by a reversion of
the primary point mutation to the normal nucleotide in one of
the alleles.

. Methods

Patients. 18 tyrosinemia patients of various ethnic origins were investi-
gated by immunohistochemistry for a mosaic pattern of immunoreactive
FAH protein in liver tissue (obtained at liver transplantation). In one
additional patient, from whom only frozen liver tissue was available,
FAH activity was determined in several small sections of the tissue. In
three Norwegians and one Pakistani, patients with known mutations in
the FAH gene and a mosaic pattern of FAH protein in liver tissue,
immunopositive and immunonegative areas of liver tissue were sub-
jected to mutation analysis. None of the four patients showed immunore-
active FAH protein in Western blots of fibroblast extracts. Patient 1
(patient 2 in reference 2), transplanted at six years of age without
hepatocellular carcinoma, was compound heterozygous for a G to A in
position +5 in intron 12 (IVS12 g *—a) and an unknown mutation (3).
Patient 2, transplanted at age four without evidence of cancer, was
compound heterozygous for the IVS12 g**—a mutation and a G'**-T
nonsense mutation (E357X) (4). Patient 3, transplanted at age 10 due
to hepatocellular carcinoma, was homozygous for G'*®—A, a combined
splice and missense mutation (G337S) (3), and patient 4, transplanted
at age 3 without cancer, was homozygous for G'¥*>T, a splice site
mutation (5).

Immunohistochemistry and mutation analysis in liver sections. Im-
munohistochemistry was performed on 5-um sections of formalin-fixed
liver tissue with an alkaline phosphatase/anti-alkaline phosphatase
(APAAP) method as described previously (2). For mutation analysis
the sections were not counterstained with Hematoxylin and Eosin after
immunohistochemical staining, as hematoxylin may inhibit PCR reac-
tions. Liver tissue corresponding to immunopositive and immunonega-
tive areas (~ 5 X 5 mm) as indicated in Fig. 1 (~ 2-2.5X the original
size), was removed with a scalpel and transferred to a microcentrifuge
tube. Buffer, 20-40 pl, containing 0.05 M KCl, 0.01 M Tris/HCI pH
8.3, 2.5 mM MgCl,, 0.01% gelatine, 0.45% NP 40, 0.45% Tween, and
0.07 mg/ml proteinase K was added, and the tubes were incubated
overnight at 50°C. Details of the PCR reactions and the primers used
for each of the mutations have been reported previously (3, 5). The
IVS12 g **—a mutation (patient 1 and 2) is detected by amplification and
digestion of a 109-bp product surrounding the mutation. One mismatch
primer together with the mutation creates a restriction site for Asp700
digesting the mutated allele into 73- and 36-bp fragments. The second
mutation in patient 2, G'%°-T is detected by amplification of 108 bp
with two mismatches in one primer creating, with the normal allele, but
not with the mutated allele, a restriction site for Asp700 digesting the
normal allele to fragments of 79 and 29 bp. For the G'*®—A mutation
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(patient 3) a 298-bp segment was amplified. This mutation creates a
restriction site for Pvull and, when the mutation is present, the 298-bp
fragment is digested to fragments of 218 and 80 bp. The G '*>>T muta-
tion is detected by amplification of 61 bp, followed by Nlalll digestion
of the mutated allele into fragments of 35 and 26 bp. The normal allele
remains undigested. Direct automatic sequencing of the PCR products
was performed as previously described (3).

Results

Immunohistochemical investigation of liver tissue from the 18
tyrosinemia patients, revealed a mosaic pattern in 9 Norwegian,
1 Syrian, 1 Australian, and 4 Pakistani patients. In one addi-
tional Norwegian patient assay of FAH activity in various sec-
tion of liver tissue showed a range from < 2 to 30% of normal
activity, indicating mosaicism. In one of the three patients not
showing mosaicism only one paraffin block of liver tissue was
available for investigation, thus mosaicism may be present in
other parts of the liver. In two patients 812 paraffin blocks
were investigated without evidence of mosaicism. The parents
of the four patients subjected to mutation analysis all have FAH
activities in their fibroblasts compatible with a carrier state of
tyrosinemia, and the mutations of the patients were verified in
one or both of the respective parents.

Fig. 1 shows the immunohistochemical staining and the
result of mutation analysis in patient 1. Fig. 1 A (APAAP lightly
counterstained with H&E) demonstrates that some regeneration
nodules are clearly immunopositive (red color), while other
areas are immunonegative. At higher magnification (Fig. 1 B)
the clear-cut delineation between immunonegative and immuno-
positive cells is apparent. Fig. 1 C shows a section (adjacent
to that in Fig. 1 A) stained only with APAAP from which an
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Figure 1. Inmunohistochemistry of liver
tissue and mutation analysis by restriction
digestion of PCR products in patient 1.

(A) Overview of a section stained with

APAAP and lightly counterstained with
H&E, shows one large immunopositive

regenerative nodule (red) to the left and
two positive areas at the lower edge. (B)
Higher magnification shows the clear-cut
delineation between immunopositive and
immunonegative cells. (C) Serial section
adjacent to that in A, stained with APAAP
(no counterstain) shows sampling sites

of the immunonegative (area a) and im-
munopositive (area b) tissue removed for
bp mutation analysis. (D) Agarose gel elec-
trophoresis of Asp700 digested 109-bp

~109 PCR product surrounding the IVS12 g**

' 79 — a mutation. The normal allele is undi-
gested whereas the mutated allele is di-

= 36 gested to fragments of 73 and 36 bp; lane

1, control fibroblasts; lane 2, patient’s fi-
broblasts; lane 3, immunonegative liver
tissue (C, area a); lane 4, immunoposi-
tive liver tissue (C, area b).

immunonegative (area a) and an immunopositive (area b) tis-
sue sample have been removed for mutation analysis.

Fig. 1 D shows gel electrophoresis of the Asp700 digests
of the 109-bp PCR product from a normal control (lane 1),
fibroblast extract from the patient (lane 2), liver tissue from
the immunonegative sample (Fig. 1 C, area a) (lane 3) and
liver tissue from the immunopositive sample (Fig. 1 C, area b)
(lane 4). In the latter, only a very small fraction of the PCR
product is digested. Sequencing data of the PCR products from
a normal control (Fig. 2 A), the immunonegative liver tissue
(Fig. 2 B) and the immunopositive liver tissue (Fig. 2 C) of
patient 1, support a substantial shift from the mutated A, for
which the patient was heterozygous, to a normal G nucleotide
in the immunopositive liver tissue.

The results of patient 2, are given in Fig. 3. Liver tissue
from an immunonegative (Fig. 3 B, area a) and an immunoposi-
tive (area b) area was analyzed for the two mutations in this
patient. Fig. 3 C shows restriction digestion by Asp700 of the
PCR product surrounding the IVS12g**—a mutation from fi-
broblast extracts of a normal control (lane /) and the patient
(lane 2) and from the immunonegative liver tissue (Fig. 3 B,
area a) (lane 3) and immunopositive liver tissue (Fig. 3 B, area
b) (lane 4) of the patient. A major part of the PCR product
from the immunopositive liver tissue is not digested, indicating
absence of the mutation. Sequencing data supported the rever-
sion of the mutation (data not shown). In cells from three
additional immunopositive areas from this patient, the IVS12
g**—a was reverted in all the regeneration nodules. The G '**—T
mutation was present in all the four immunopositive as well as
the immunonegative areas investigated.

Immunohistochemical staining of liver tissue from patient



Figure 2. Direct sequencing raw data of the 109-bp PCR product sur-
rounding the IVS12 g** — a mutation. (A) Control fibroblasts. (B)
Immunonegative liver tissue (Fig. 1 C, area a) from patient 1. (C)
Immunopositive . liver tissue (Fig. 1 C, area b) from patient 1. The
squares indicate nucleotide position IVS12 +35. R indicates G and A.

3, homozygous for G!®*—A, is shown in Fig. 4, A and B.
Restriction digestion by Pvull of the 298-bp product (Fig. 4 C)
showed no digestion of control fibroblasts (lane 1) and complete
digestion of the product from the patient’s fibroblasts (lane 2)
and from the immunonegative liver tissue (Fig. 4 B, area a)
(lane 3). Both undigested and digested products from the immu-

A B

nopositive liver tissue (Fig. 4 B, area b) (lane 4), suggested
absence of the mutation in one allele. Sequencing data of the
298-bp PCR product from control fibroblasts, the immunonega-
tive liver tissue, and the immunopositive liver tissue of patient
3, are shown in Fig. 5, A, B, and C, respectively, confirming a
heterozygous genotype for a mutant A and the normal G in the
immunopositive liver tissue. No other sequence differences
were found in the PCR products from the immunonegative and
immunopositive liver tissue of the patient.

In patient 4 (Fig. 6), who is homozygous for the G'**>T
mutation, restriction analysis (Fig. 6 C) again indicates a rever-
sion of the mutation in one allele in the immunopositive liver
tissue (Fig. 6 B, area b) (lane 4), in contrast to homozygosity
for the mutation, with complete digestion, in the immunonega-
tive tissue (Fig. 6 B, area @) (lane 3) and in fibroblasts (lane
2) from the patient.

In all patients the results were reproduced in 3-6 liver
sections of the respective areas.

Discussion

Some problems adhered to the mutation analysis of the formalin-
fixed liver sections. The obtainable length of the PCR product
varied considerably from one paraffin block to another. Presum-
ably, the tissue fixation or other factors may have degraded the
DNA considerably and in some blocks only very short PCR prod-
ucts could be amplified. Furthermore, routine tissue preparation is
performed without precautions for DNA contamination. Careful
precautions in preparation of the tissue sections had to be observed
to avoid interfering DNA contamination. In Fig. 4 C and 6 C
(lanes 3) representing immunonegative liver tissue from the pa-
tients, trace amounts of undigested PCR product, not containing
the mutation, are visible. This could be due to unavoidable contam-
ination of normal DNA derived either from the positive area in
the same liver section or, more likely, from other sources. In
patients 1 and 2, the immunopositive tissue did not show a com-
plete reversion of the mutation, as visualized by weak bands of
73 and 36 bp (Fig. 1 D and 3 C, lanes 4). This could also be due
to DNA contamination, but might as well be caused by (tissue)
contribution of nuclei from non-hepatocyte cells which have re-
tained the mutation.

C
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= 713
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Figure 3. Immunohistochemistry of liver tissue and mutation analysis by restriction digestion of PCR products in patient 2. (A) Overview of a
section, stained with APAAP and H&E, shows several immunoreactive regeneration nodules. (B) Serial section adjacent to that in A, stained with
APAAP (no counterstain), shows the sampling sites of the immunonegative (area a) and immunopositive (area b) tissue removed for mutation
analysis. (C) Agarose gel electrophoresis of Asp 700 digested 109-bp PCR product surrounding the IVS12 g** — a mutation. The normal allele is
undigested, whereas the mutated allele is digested to 73 and 36 bp; lane 1, control fibroblasts; lane 2, patient’s fibroblasts; lane 3, immunonegative
liver tissue (B, area a); lane 4, immunopositive liver tissue (B, area b).
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Figure 4. Immunohistochemistry of liver tissue and mutation analysis by restriction digestion of PCR products in patient 3. (A) Overview of a
liver section, stained with APAAP & HE, shows one immunopositive nodule to the left. (B) Serial section adjacent to that in A, stained with
APAAP (no counterstain), shows the sampling sites of the immunonegative (area a) and immunopositive (area b) tissue removed for mutation
analysis. C: Agarose gel electrophoresis of Pvull digested 298-bp PCR product surrounding the mutation G'° — A. The mutated allele is digested
to 218 and 80 bp, whereas the normal allele remains undigested; lane 1, control fibroblasts; lane 2, patient’s fibroblasts; lane 3, immunonegative
liver tissue (Fig. B, area a); lane 4, immunopositive liver tissue (Fig. B, area b).

A mosaic pattern of FAH activity and immunoreactive pro-
tein appears to be common in liver tissue from tyrosinemia
patients as 16 of 19 patients of various ethnic origins showed
the phenomenon. The patients investigated represent a selected
group since they were all liver transplanted and none of the
patients were transplanted in early infancy. The youngest patient

TC’I‘GTC%EACGCTGCAP\CCT

Figure 5. Direct sequencing raw data of the 298-bp PCR product sur-
rounding the mutation G'® — A. (A) Control fibroblasts. (B) Immuno-
negative liver tissue (Fig. 4 B, area a) from patient 3. (C) Immunoposi-
tive tissue (Fig. 4 B, area b) from patient 3. The squares indicate nucleo-
tide position 1009. R indicates G and A.
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with mosaicism, however, was 11 months, and the two patients
from whom 8-12 liver blocks were investigated and no mosa-
icism found, were 5 and 10 years old. An age related ascertain-
ment bias may therefore not be the sole explanation of the high
incidence of FAH mosaicism.

In the immunopositive nodules investigated in the four pa-
tients subjected to mutation analysis, the mosaicism apparently
was caused by a reversion of the primary point mutation in one
allele. Alternative explanations may, however, account for the
phenomenon in non-investigated nodules of the four patients
and in other patients exhibiting the phenomenon. A second
site mutation somewhere in the exons inducing conformational
changes stabilizing the transcript or protein sufficiently to give
immunoreactivity, and possibly enzyme activity, may explain
the mosaic pattern of FAH protein. Second-site mutation in the
codon of the primary defect may also, in certain cases, establish
a codon for the correct amino acid.

In the compound heterozygote patient the same mutation
was reverted to wild type in all four nodules investigated. This
could be accidental due to the low number of nodules investi-
gated. On the other hand, mutation liability is sequence depen-
dent (6, 7), thus one of the mutations may revert more easily
than the other. A gene conversion event or mitotic recombina-
tion between homologous chromosomes could theoretically ex-
plain the appearance of a normal allele in the compound hetero-
zygote patient. Two of the patients with reverted mutations,
however, were homozygous for their mutations, and no pseu-
dogenes for FAH, for contribution of wild-type sequences, are
known. Also, an early embryonic mutation with selective
growth of the mutated cells may account for the mosaicism, but
a high incidence of such an event would indicate a precipitating
factor. As the FAH mosaicism appears frequent, a common
factor of the disorder causing the phenomenon, is not unlikely.
Chemical mutagenesis, reverting the disease-causing mutation,
could result from the metabolites accumulating in tyrosinemia.
Tyrosine degradation takes place mainly in the hepatocytes and
when FAH is deficient these cells accumulate the highest
amount of the alkylating metabolites fumaryl- (and maleyl-)
acetoacetate. These metabolites may directly or indirectly cause
the reversion, although direct mutagenic effect of the metabo-
lites has yet to be demonstrated. Cancer development is, how-



Figure 6. Immunohistochemistry of liver tissue and mutation analysis by restriction digestion of PCR products in patient 4. (A) Overview of a
liver section, stained with APAAP and H&E, shows one immunopositive regeneration nodule at the upper edge. (B) Serial section adjacent to that
in A, stained with APAAP (no counterstain) shows the sampling sites of the immunonegative (area a) and immunopositive (area b) tissue removed
for mutation analysis. (C) Agarose gel electrophoresis of Nlalll-digested 61-bp PCR product surrounding the G'*> - T mutation. The normal allele
is undigested, whereas the mutated allele is digested to fragments of 35 and 26 bp; lane 1, control fibroblasts; lane 2, patient’s fibroblasts; lane 3,
immunonegative liver tissue (B, area a); lane 4, immunopositive liver tissue (B, area b).

ever, a major feature of tyrosinemia, and tyrosinemia livers
removed at transplantation may show multifocal hepatocellular
carcinomas (8). Even if the metabolites are not direct mutagens,
the compounds are toxic and induce cell necrosis with a subse-
quent accelerated regeneration of hepatocytes. Rapidly replicat-
ing cells are generally prone to mutations. Stable mutations
are continuously made during cell replication, but a selection
pressure is needed for a mutated cell to proliferate and to be
detected by clinical symptoms or biochemical methods. In tyro-
sinemia reversion of the primary defect to a normal genotype
with functional FAH enzyme would give this cell the necessary
selective advantage. Whereas the reversion of the mutation in
one cell does not eliminate the risk of cancer development in
non-reverted cells, the existence of a normally functioning cell
pool, may prevent liver failure and thereby influence the course
of the disorder. If the reversion of the genetic defect in tyro-
sinemia results mainly from accelerated cell regeneration such
an event may not be exclusive to tyrosinemia and should be
sought for in other genetic diseases in tissues with an induced,
or natural high, rate of cell replication. The reversion of the
disease causing point mutations in tyrosinemia, with the poten-
tial of self-induced cure, may be the counterpart to the carcino-
genesis of the disorder, possibly reflecting the same process.
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