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Loss of fumarylacetoacetate hydrolase is
responsible for the neonatal hepatic
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Mice homozygous for the ¢!*°S albino deletion die as neonates as a result of liver dysfunction. Previous
mapping studies have associated this defect with a 310-kb fragment encoding the hepatocyte-specific
developmental regulation locus (alf/hsdr-1). The gene encoding fumarylacetoacetate hydrolase (Fah), a
metabolic enzyme that catalyzes the last step of tyrosine catabolism, also maps to the same deletion interval.
To test whether the neonatal defects found in the albino deletion mutants are attributable to loss of Fah, and
not to another gene mapping to the deletion, we have generated Fah mutant mice by gene targeting in
embryonic stem cells. Fah-deficient mice die within 12 hr after birth from hypoglycemia and liver
dysfunction. In addition, the same pattern of altered liver mRNA expression found in the albino deletion
mutants was also found in affected animals . We conclude that the neonatal lethal and liver dysfunction
phenotype of the alf/hsdr-1 deletion is entirely attributable to loss of Fah.
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The ¢'*<° albino mouse is one of a series of mutant
mice bearing large overlapping X-ray-induced deletions
of chromosome 7 (Russell et al. 1979). The albino dele-
tions contain several loci involved in development and
are all estimated to be several megabases in size. Mice
homozygous for various albino deletions have different
phenotypes ranging from developmental arrest in utero
to neonatal death as a result of liver dysfunction. Mice
homozygous for the deletions ¢5%P, ¢112Kb ¢3H gp( 14CoS
die within a few hours after birth and display abnormal
or no expression of many hepatic enzymes (Gluecksohn-
Waelsch 1979; Russell et al. 1979; Rinchik and Russell
1990). These include tyrosine aminotransferase (TAT)
{Schmid et al. 1985), glucose-6 phosphatase (G-6P)
{Gluecksohn-Waelsch 1979), glutamine synthetase (GS)
{Gluecksohn-Waelsch 1979}, phosphoenolpyruvate car-
boxykinase (PEPCK]) {Loose et al. 1986}, aldolase B, albu-
min, a-fetoprotein (Sala-Trepat et al. 1985), urea cycle
enzymes (Gluecksohn-Waelsch et al. 1974; Sala-Trepat
et al. 1985; Schmid et al. 1985; Loose et al. 1986; Morris
et al. 1988), several liver transcription factors (McKnight
et al. 1989; Gonzalez et al. 1990; Ruppert et al. 1990;
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Tonjes et al. 1992), and two anonymous transcripts X1
and X2 {Ruppert et al. 1990). Reduced expression is as-
sociated with lower mRNA levels for TAT, PEPCK, the
urea cycle genes, and aldolase B, but normal steady-state
mRNA levels are found for the serum proteins (Sala-
Trepat et al. 1985). Electron microscopy examination re-
veals structural abnormalities in both liver and kidney of
these mice {Gluecksohn-Waelsch 1979). Many of the en-
zymes affected play a role in glucose homeostasis, sug-
gesting hypoglycemia as the cause of death in the new-
born mice (Gluecksohn-Waelsch 1979). Several, al-
though not all, of the genes involved are normally
inducible by glucocorticoids and/or cAMP, but this does
not occur in the albino deletion mice (Schmid et al.
1985). This observation has led to the hypothesis that a
regulatory liver gene [hepatocyte-specific developmental
regulation locus (hsdr-1)] is localized within the deletion
(McKnight et al. 1989). This locus has also been termed
alf (albino lethal deletion factor) {Ruppert et al. 1990). In
contrast to the decreased expression of some cAMP-re-
sponsive liver-specific mRNAs, transcripts that are in-
duced by DNA damage in cells, such as CHOP, or that
are involved in detoxification, such as NAD(PJH:oxi-
doreductase (NMO-1), are elevated in the livers of c14<°S
deletion mice (Fornace et al. 1989; Petersen et al. 1989).
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Detailed mapping of the deletion interval in the c'4~°$

mice has identified a 310-kb fragment within which the
alf/hsdr-1 gene must be localized (Niswander et al. 1991;
Kelsey et al. 1992). Recently, two groups reported the
isolation of a liver-specific cDNA from the 310-kb dele-
tion interval encoding fumarylacetoacetate (FAA) hydro-
lase (Fah, EC 3.7.1.2) (Klebig et al. 1992; Ruppert et al.
1992). Fah catalyzes the last step in tyrosine catabolism,
the conversion of FAA to acetoacetate and fumarate (see
Fig. 1) (Knox and Edwards 1955; Goldsmith and Laberge
1989). In addition, the timing and localization of Fah
expression in the mouse fits the pattern predicted for
alf/hsdr-1 (Ruppert et al. 1992), and some of the pheno-
typic abnormalities seen in the alf/hsdr-1 deletion can
be reproduced in primary liver cells stressed with ho-
mogentisic acid (Ruppert et al. 1992). These observations
suggest, but do not prove, that Fah is identical to alf/
hsdr-1.

In humans, deficiency of FAA hydrolase causes hered-
itary tyrosinemia type I (HT1), a severe, autosomal re-
cessive inborn error of metabolism (Lindblad et al. 1977;
Tanguay et al. 1984). Affected children develop liver fail-
ure in the first few months after birth and frequently die
within a year (Kvittingen 1986; Goldsmith and Laberge
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Figure 1. Tyrosine degradation pathway. The principal metab-
olites in the pathway are tyrosine (Tyr), p-OH-phenylpyruvate
(PHPP), homogentisic acid (HGA), maleylacetoacetate (MAA),
fumarylacetoacetate (FAA), succinylacetoacetate (SAA), and
succinylacetone {SA). The enzymes are TAT (1), p-OH-phe-
nylpyruvate dioxygenase (2), homogentisic acid oxidase (3),
MAA isomerase (4}, and FAA hydrolase (5). The broken lines
indicate metabolic steps, in which the exact enzymes/mecha-
nisms involved are not known.
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1989). Additional features of the disorder include renal
tubular dysfunction, cardiomyopathy (Edwards et al. 1987),
and severe neurologic crisis (Mitchell et al. 1990). He-
patomas and, in later stages, hepatocellular carcinomas
are a very frequent complication {Russo and O’Regan
1990). Biochemically, the disease is characterized by the
accumulation of multiple abnormal compounds in blood
and urine: tyrosine, methionine, tyrosine metabolites,
and succinylacetone (SA) (Goldsmith and Laberge 1989).
SA is the diagnostic metabolite in Fah deficiency in hu-
mans and is not found in urine of healthy individuals. It
presumably derives from the reduction of maleylacetoac-
etate {MAA) and FAA in vivo {see Fig. 1). It has been
speculated, but not proven, that MAA and FAA are pri-
marily responsible for much of the local tissue damage
leading to necrosis of hepatocytes and other cells {Lind-
blad et al. 1977; Goldsmith and Laberge 1989).

Several remarkable secondary biochemical alterations
have been described in human HT], including the inhi-
bition of d-aminolevulinic acid dehydratase by SA {Sassa
and Kappas 1982, 1983), elevations in serum a-fetopro-
tein levels, and decreased levels of several hepatic en-
zymes, especially TAT. Evidence for depletion of intra-
cellular reducing compounds, such as low levels of glu-
tathione in red cells and a deficit in cysteine, has been
found (Stoner et al. 1984).

Here, we report the derivation of mice deficient in Fah
by use of targeted gene disruption in embryonic stem
(ES) cells to determine the relationship between the alf/
hsdr-1 locus and this metabolic enzyme. Possible expla-
nations for the observed phenotype and the differences
between murine and human Fah deficiency are discussed.

Results
Derivation of Fah~ mice

The Fah gene was disrupted with a replacement vector
{pD10), in which a neo expression cassette was inserted
into a unique Sphl site in exon 5 of the gene (Fig. 2A).
This construct had ~5 kb of homology 5’ and ~1.5 kb 3’
to the insertion, respectively. Because exon 5 was found
to be 91 bp long {data not shown), a neo insertion should
lead to a frameshift and a null allele, even if the targeted
exon was skipped during splicing. A herpes simplex virus
thymidine kinase {HSV TK) expression cassette was in-
cluded at the 3’ end of the homology to select against
nontargeted insertions. After linearization, the replace-
ment vector was electroporated into ES cells and double-
selection with G418 and gancyclovir, was carried out.
Doubly resistant clones {14/120 (~1/8)] analyzed by
Southern blot with probe A (Fig. 2B} showed the 1.4-kb
increase in size expected for a targeting event. The
Southern blots were also probed with neo to verify the
presence of only one copy of the replacement vector in
the cells (Fig. 2B). A third probe derived from the region
5' to the homology was used to demonstrate that the 5’
flank of the disrupted locus had the expected structure
(data not shown). Five targeted ES clones were injected
into C57BL/6] blastocysts, and two gave rise to germ-
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Figure 2. Targeted disruption of the Fah gene. (A) The structure of mFah phage 15 from which the targeting construct was derived
is shown at the bottom. Exons are indicated by hatched boxes. pQ15 is a plasmid clone, containing a 6.5-kb fragment of the phage. A
neo {pol2neo) and HSV TK expression cassette were cloned into the Sphl and Sacll sites of this plasmid, respectively, to yield the
replacement vector pD10. A schematic representation of the expected structure of the targeted Fah locus is shown at the top. The
arrow marks the 3' end of the homology in the replacement vector. The probe {A) used for Southern blots is shown as a crosshatched
box. {B) Southern blot of HindIlI-digested DNA from a control (AB1} and two founder heterozygotes (80-1 and 80-2). {Left) Probe A was
used; (right) the same blot was reprobed with neo. The fragment sizes are indicated in the middle. The heterozygotes show the
expected increase in size of the cognate band by 1.4 kb. Only the larger band hybridizes to neo.

line chimeras, from which we established the mutant
strains Fah2°*°?5.1 and Fah2e*°"5-2. All results discussed
below were identical for both strains and independent of
the genetic background (129Sv or hybrid 129Sv-C57BL/
6]).

Fah 4¢*°7 5 homozygotes die in the neonatal period

Fah4*°"5 heterozygotes were bred, and their offspring
were analyzed. No obvious differences in morphology or
size were noted immediately after birth, and all pups
appeared vigorous and healthy at first. In most litters,
however, one to three dead pups were found after 6-12
hr. Southern blot analysis of these dead animals revealed
that they were all Fah®**°™®> homozygotes. Because there
were no obvious morphologic parameters for the ho-
mozygotes before their death, a simple PCR-based test
was developed to determine genotype (data not shown).
No Fah2%*25 homozygotes were observed to survive past
24 hr after birth.

For further analysis of the phenotype, all pups were
sacrificed within 12 hr after birth, dissected, and geno-
typed by PCR by use of tail DNA. Among 221 pups, 70
were homozygous wild type {32%), 106 were heterozy-
gous (48%), and 45 were Fah®**°* homozygous (20%).
Thus, slightly fewer than the expected 25% of animals
were homozygotes. This distortion could be explained by
decreased intrauterine viability, but more likely is
caused by missing some animals that died early postna-
tally and were eaten. No statistically significant weight
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differences were detected among the three different gen-
otypes {Table 1).

Homozygous Fah*°*°"* mice have multiple biochemical
abnormalities

Several biochemical parameters were analyzed in the
Fah®€*°"5 gtrain to compare the biochemical phenotype
with that of c!#C°S albino deletion mice. First, Fah mea-
surement in liver revealed a complete absence of enzyme
activity in Fah®®*°"> homozygotes. Heterozygotes had
approximately half the activity (10.8+2.25 wmole/mg
per min) of wild-type littermates (20.1£1.9 pmole/mg
per min). It therefore appears that the Fah®**** muta-
tion represents a null allele.

Blood glucose was measured during two different time
intervals: immediately after birth or >6 hr after birth.
No significant differences between the three genotypes
were observed immediately after birth. Homozygotes,
however, had markedly decreased blood glucose levels, if
they were sacrificed >6 hr postnatally (Table 1), indicat-
ing a gradual onset of hypoglycemia during the first few
hr of life. Similar decreases to less than half of normal
blood glucose level have also been observed in c'4<°®
deletion homozygotes (Gluecksohn-Waelsch 1979).

Fah is primarily expressed in liver and kidney in both
man and mouse; therefore, blood chemistries that corre-
late with function of these organs were of interest. Two
parameters were determined. The plasma levels of the
liver enzyme aspartate aminotransferase (AST), which
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Table 1. Biochemical parameters in the Fah®®*°1% strain

Fumarylacetoacetate hydrolase gene knockout

Unit Wt/wt Wt/Aexon5 AExon5/Aexon5
Birth weight grams 1.43 = 0.29 (5) 1.30 + 0.25 (8) 1.15 + 0.12 (4)
Glucose (6-12 hr) mg/dl 6322 (9) 76 =24 (10) 32+9  (9)
AST Ulliter 164 £ 66 (17) 194 = 124 (24) 1148 = 1211 (10)
Creatinine mg/dl 1.0+0.2 (4) 1.0£0.2 (6) 1.5x0.1 (4)
Glutamine pmole/liter 830 £ 92 (4) 856 + 97 (2) 847 + 60 (3)
Citrulline wmole/liter 327 (4 37 £29 (2) 127 £31  (3)
Methionine wmole/liter 139 =35 {4) 128 =28 (2) 328 =50 (3)
Isoleucine umole/liter 136 £ 13 {4} 118 =6 (2) 94 £20 (3)
Tyrosine wmole/liter 147 =42 {4) 174 = 46 (2) 195 +26 (3]
Phenylalanine wmole/liter 116 £ 27 (4} 121 =22 (2) 382 =55 (3)
Ornithine wmole/liter 132 + 15 (4) 1229 (2} 2352 (3)
Arginine wmole/liter 178 x 35 (4) 202 =41 (2) 0 (3)

The parameters measured and the units in which they are expressed are at left. The values * s.D. are given for each genotype, with
the numbers in parentheses indicating the number of animals analyzed.

correlates with hepatocellular damage {leakage of this
hepatic enzyme into the circulation), was measured and
found to be markedly elevated in the homozygotes, with
values as high as 3840 U/liter (see Table 1). Some ho-
mozygotes had levels within the normal range, which
was likely related to the time after birth at which the
blood sample was taken. Severe hepatocellular damage
may be an end-stage event. The plasma creatinine levels,
a measure of renal function, were also elevated in the
homozygotes (Table 1).

Quantitative plasma amino acid analysis was carried
out on several litters. Abnormal amino acid values are
listed in Table 1. Interestingly and in contrast to human
Fah deficiency, no elevations in the plasma tyrosine lev-
els were detected in the affected animals. Phenylalanine
and methionine levels, however, were increased about
threefold in homozygotes. Most significant, however,
were the abnormalities in arginine, citrulline, and orni-
thine, amino acids that participate in the urea cycle. The
elevations in citrulline and omithine were mild (only
two- to threefold), but arginine was nondetectable in
Fah-deficient pups. The abnormalities in urea cycle-re-
lated amino acids again are in contrast to the human
HT1 phenotype, in which no such disturbances have
been reported.

SA is the hallmark metabolite of human tyrosinemia
and is derived directly from FAA, the substrate of Fah
{see Fig. 1). To detect this compound, organic acids were
extracted from the livers of animals and analyzed quan-
titatively by gas chromatography and mass spectrome-
try; but even with this highly sensitive method, no SA
was detectable in liver extracts in Fah-deficient homozy-
gotes. This result was consistent with a previous report,
in which SA levels in liver were measured in homozy-
gous c!*“°S mice and found not to be elevated {Collins et
al. 1992). The relevance of this finding, however, was
questionable, because it has been shown in human HT1
patients, that SA is often not elevated in liver, whereas it
is easily detectable in plasma and urine in the same pa-
tient (Tuchman et al. 1985). For this reason, SA analysis
was also carried out in plasma. SA was clearly detectable

in the plasma of Aexon5 homozygotes at a level of ~0.5
ng/ml, whereas it was undetectable in unaffected litter-
mates. SA levels in human HT1 patients are of the same
order of magnitude (0.3 — 20 ng/ml) (Grenier and Les-
cault 1985).

Electron microscopy examination shows disruption
of the endoplasmic reticulum

Because no consistent differences in the histological ap-
pearance of livers from homozygous deficient, heterozy-
gous, and wild-type mice could be found by use of light
microscopy, an electron microscopy study was under-
taken. This revealed extensive depletion of glycogen
from the cytoplasm with corresponding reduction in size
of the hepatocytes (Fig. 3B). In addition, the usual paral-
lel arrays of rough endoplasmic reticulum found in the
immature hepatocytes of wild-type mice (Fig. 3A) were
disrupted in the homozygous Fah-deficient animals. The
rough endoplasmic reticulum that remained was scat-
tered widely within the cells. Some focal vesiculation of
the endoplasmic reticulum was found in a few hepato-
cytes. These alterations are similar to those observed by
Gluecksohn-Waelsch (1979) in the lethal albino mouse.

Fah mutant animals show the pattern of mRNA
abnormalities seen in lethal albino mice

The deletion of the alf/hsdr-1 locus in albino mutant
mice leads to characteristic alterations of the expression
pattern of certain mRNAs in the livers of homozygous
animals. The steady-state levels of some mRNAs, most
notably those inducible by cAMP, are decreased. Other
transcripts, especially some mRNAs inducible by DNA
damage, are present in increased amounts. Yet another
group of genes is not affected by the alf/hsdr-1 deletion.
We determined the mRNA levels of several examples of
these groups by Northern blot analysis (Fig. 4).

In all cases, the expression pattern of the FahA¢xon5
mice was identical to that reported for mice deleted at
the alf/hsdr-1 locus. No detectable Fah mRNA was ob-
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Figure 3. Liver electron microscopy. (4) Liver ultrastructure, 1-day-old control mouse, 10,500x. The hepatocytes are large and replete
with glycogen (G) that is responsible for the pale appearance of the cytoplasm and apparent paucity of organelles. Multiple stacks or
parallel arrays of rough endoplasmic reticulum (R) are characteristic of normal, immature hepatocytes. (B) Liver of homozygous A®*°"%
1-day-old mouse, 9000x. Hepatocytes are small with reduced quantities of glycogen and condensation of the cytoplasm. The amount
of rough endoplasmic reticulum (R} is reduced and is scattered widely. Focal vesiculation of the endoplasmic reticulum is found
(arrow). There is no morphological alteration of mitochondria, nuclei, or plasma membranes. Erythropoietic cells are plentiful in both

control and affected mice.

served in homozygous Fah®**°*> mice, confirming that
the neo insertion into exon 5 has created a null allele.
The mRNA levels of the cAMP-inducible genes TAT,
PEPCK, and the urea cycle enzymes argininosuccinate
synthetase (AS) and ornithine transcarbamylase (OTC)
were all markedly decreased, whereas NMO-1 and CHOP
mRNA levels were increased. The mRNA levels of albu-
min (data not shown), al-antitrypsin (a1-AT), a-fetopro-
tein (aFP, data not shown), omithine aminotransferase,
and tubulin were unaltered.

Discussion
The Fah gene is a candidate for the alf/hsdr-1 locus

The alf/hsdr-1 locus in the mouse has been the subject
of intense investigation for many years. The generalized
down-regulation of multiple liver-specific cAMP-respon-
sive genes in several strains of albino deletion mice has
led to the hypothesis that the deletions must contain a
key regulatory locus involved in controlling the expres-
sion of these genes (Gluecksochn-Waelsch and DeFranco
1991). The notion of a specific regulatory defect was sup-
ported by the report that the failure of induction was
limited to cAMP-responsive liver genes and was not
present in genes inducible by metal ions (DeFranco et al.
1988). Over time, however, additional abnormalities
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were described in these mice, which were less consistent
with a specific defect. Increased mRNA levels of genes
inducible by DNA damage (Fornace et al. 1989) and those
involved in detoxification pathways were found (Pe-
tersen et al. 1989). Decreased transcription rates were
documented for genes not inducible by cAMP (Té6njes et
al. 1992) and low steady-state mRNA levels were found
for several liver transcription factors {(McKnight et al.
1989; Gonzalez et al. 1990; Ruppert et al. 1990; Ténjes et
al. 1992).

Efforts by several groups to clone the alf/hsdr-1 gene
focused on utilizing the different overlapping albino de-
letions to narrow down the location of the gene (Niswan-
der et al. 1991; Kelsey et al. 1992). In 1992, two groups
successfully isolated the Fah gene from the 310-kb re-
gion of overlap between different deletions, thereby rais-
ing the question whether loss of Fah was the cause for
the alf/hsdr-1 deletion phenotype (Klebig et al. 1992;
Ruppert et al. 1992). Additional experiments made a
strong case for the identity of the two loci (Ruppert et al.
1992). The c!*°S deletion was shown to disrupt the Fah
gene, and Fah is expressed primarily in liver and kidney,
beginning at day 16 as had been predicted for the alf/
hsdr-1 gene. In addition, primary hepatocytes cultured in
the presence of homogentisic acid (HGA) displayed some
of the abnormalities seen in livers of ¢'*“°S homozy-
gotes. Although this evidence was supportive of the
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Figure 4. Northern blot analysis of liver RNA from Aexon 5
mice. The genotype of the animals is given at the top, and the
probe used is given to the left of each blot. Tubulin controls
were performed on each blot by stripping and reprobing. Only
one representative tubulin control is shown in each panel. (A)
Blots performed with total cellular RNA. The samples were
derived from two independent litters. TAT and PEPCK mRNA
levels are decreased in Fah-deficient animals compared with
their normal littermates. In contrast, NMO-1 and CHOP levels
are markedly increased in homozygous deficient animals. A tu-
bulin control indicating equal loads is shown at the bottom. (B)
Blots performed with poly{A) RNA. A**°"* homozygotes have no
detectable Fah mRNA. The urea cycle genes AS and OTC are
also reduced in the homozygotes. No differences in mRNA lev-
els between the different genotypes were detectable for OAT,
a1-AT, and tubulin. The load of RNA in the homozygous wild-
type lane is slightly increased in some blots (AS, OAT, Tub), but
equal loads were present for heterozygotes and deficient mice in
all samples.

identity of the two loci, it did not represent conclusive
proof. The different alf/hsdr-1-containing deletions are
all several megabases in size, and it was therefore possi-
ble that other genes within the deletions played a major
role in the phenotype.

Loss of Fah results in the same phenotype

as the alf/hsdr-1 deletion

To resolve this question, we have derived a strain of
mice bearing a mutation in the Fah gene only. This mu-

Fumarylacetoacetate hydrolase gene knockout

tation appears to be a null allele, as evidenced by com-
plete absence of Fah mRNA and enzyme activity in ho-
mozygous mice. The phenotype found in Fah-deficient
pups is indistinguishable from that reported for homozy-
gous c!*°S mice. First, it was shown that PEPCK, TAT,
OTC, and AS mRNA levels are markedly decreased in
Fah-deficient pups. Second, NMO-1 and CHOP levels
were markedly increased. Third, albumin, a1-AT, and
oFP were not altered. Fourth, Fah®<*°"> homozygotes
suffer from hypoglycemia. Fifth, no alterations of liver
histology were detectable in light microscopy, but elec-
tron microscopy showed abnormalities, particularly of
the endoplasmic reticulum. And, finally, the biochemi-
cal phenotype, including serum amino and liver organic
acids, was the same as that reported for ¢!#<°S mice.
Thus, there was complete concordance between the phe-
notypes in all parameters studied. It therefore appears
that all significant aspects of the alf/hsdr-1 deletion phe-
notype can be explained by deficiency of Fah alone.

The X-ray-induced deletions of classic mutant mouse
strains are generally large in size and likely to contain
several loci. The phenotype of homozygotes is deter-
mined by which deleted locus or loci has the most severe
effect in terms of viability and age of onset. The possi-
bility that the observed phenotype is the result of mul-
tiple interacting deletions has to be taken into consider-
ation. The Fah ™~ mice described here are, to our knowl-
edge, the first example in which the targeted disruption
of a single gene within the deletion has been shown to be
responsible for the major component of the deletion phe-
notype. This approach will be useful in the analysis of
other large deletion mutations containing developmen-
tal genes.

Possible mechanisms of the alf/hsdr-1 phenotype

The mechanisms, by which Fah deficiency causes the
rather specific abnormalities are not clear at this point.
The compounds MAA and FAA, which immediately pre-
cede the metabolic block, are known to be reactive al-
kylating substances (R. Tanguay, pers. comm.). SA is in
equilibrium with FAA and MAA (see Fig. 1) and is stable
enough to accumulate and be detectable in HT1 human
patients. The half-lives of MAA and FAA, on the other
hand, are very short, and these compounds therefore can-
not be directly detected in Fah-deficient individuals. It
has been suggested that the accumulation of FAA and
MAA may be responsible for the abnormalities seen in
c!4C°S hepatocytes (Ruppert et al. 1992, Kelsey and
Schitz 1993). This hypothesis was questioned by a re-
port demonstrating that SA was not elevated in the liver
of c'#©°S mice (Collins et al. 1992). This finding implied
either that FAA and MAA did not accumulate and cause
the disregulation or that their conversion to SA was de-
ficient in these mice. We have shown here that SA is
present in elevated amounts in plasma of Fah-deficient
mice and is of the same order of magnitude as seen in
human patients. This indicates an accumulation of the
toxic metabolites MAA and FAA in Fah-deficient mice
and is consistent with the notion that these chemicals
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cause the alf/hsdr-1 deletion phenotype. The failure to
detect SA in the liver of Fah-deficient subjects is not
unique to mice as it has been reported for HT1 patients
as well (Tuchman et al. 1985) and might be attributable
to entrapment of available SA as a result of protein bind-
ing.

At this time one can only speculate about how the
toxic metabolites exert their effect. Both MAA and FAA
are predicted to react with sulfhydryl groups and could
possibly alter the redox potential of cells. Several tran-
scription factors are already known to require a reduced
state to be functional (Abate et al. 1990; Xanthoudakis
and Curran 1992). One can hypothesize that one or sev-
eral of these transcription factors may be rendered non-
functional by alkylation in Fah-deficient animals. Fur-
ther experiments, which will assess the redox state of
Fah-deficient liver cells and address the effects of reduc-
ing agents on the phenotype, will be required to resolve
these questions.

The phenotypes of Fah deficiency in mice and humans
are different

The phenotypes of Fah deficiency in humans and mice
are rather different. The most striking difference is the
short life span of affected mice. This is not explained by
more mild mutations in HT1 patients. Several reports
indicate that most tyrosinemic patients have nuil alleles
(Phaneuf et al. 1992). In addition, Fah-deficient mice are
not tyrosinemic (i.e. they do not have elevations of
plasma tyrosine) and human HT1 patients do not suffer
from hypoglycemia. Preliminary results in human HT1
patients (R. Tanguay, pers. comm. and M. Grompe, un-
publ.) indicate that disregulation of alf/hsdr-1-depen-
dent mRNAs is not a major factor in the pathophysiol-
ogy of human tyrosinemia.

To find major differences in phenotypes between hu-
mans and mice deficient in the same gene product is
hardly a new phenomenon (Wu and Melton 1993). In the
case of Fah deficiency, several possible explanations
come to mind. First, the flux of metabolites through the
tyrosine degradation pathway may be quantitatively
very different in the two species. Thus, it is possible, that
the different phenotypes are explained by higher levels of
toxic metabolites in the mouse liver. Second, mouse he-
patocytes may be more sensitive to MAA and FAA.
Mouse cells may be more dependent on a transcription
factor that is susceptible to alkylation. Alteratively, the
potential to buffer the effects of alkylating compounds
with reducing agents such as glutathione may be lower
in newborn mice. It is theoretically also possible that
Fah uses yet-unidentified substrates in the mouse and
that it is the accumulation of compounds other than
FAA and MAA that cause the hepatic dysfunction. Fah is
known to utilize several other diketo acids in vitro
{Hsiang et al. 1972). This question will be answerable by
specifically disrupting the tyrosine catabolic pathway
upstream to Fah in our mice. This could be achieved
either pharmacologically by inhibiting p-OH phe-
nylpyruvate dioxygenase using NTBC (Lindstedt et al.
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1992) or by breeding Fah-deficient animals with a re-
cently described strain of mice deficient in that enzyme
(Endo et al. 1991).

Despite the differences in phenotype, the Fah-deficient
mouse strain described here can be used as an improved
disease model for some aspects of human HT1. Because
all phenotypic effects can be clearly attributed to Fah
deficiency alone, therapeutic effects of drugs and diets
can be assessed more clearly in this background. This is
especially important, if such interventions lead to a pro-
longed survival, because the effects of deficiencies of
other genes in the deletion may then be seen.

Materials and methods
Construction of the replacement vector

A NDASH 11/129 mouse genomic library was screened with the
full-length mouse Fah ¢cDNA (Grompe and Al-Dhalimy 1992).
Phages mFah 6 and 15 containing the 5’ end of the gene were
characterized further by restriction mapping and probing with
partial cDNA probes. A map of mFah phage 15 is shown in
figure 2A. A 6.5-kb EcoRV-Notl fragment from the 3’ end of
mFah 15 was cloned into pBluescript, and a unique Sphl site was
found to be located 5 kb from the 5’ and 1.5 kb from the 3’ end.
DNA sequencing confirmed that this Sphl site was located
within a 91-bp exon and corresponded to the unique Sphl site
found in the cDNA. A neo expression cassette, pol2Sneo (Sori-
ano et al. 1991}, was inserted into this site, and an HSV TK
expression cassette (PGKTK) (Soriano et al. 1991} was cloned
into the Sacll site at the 3' end of the homology, creating the
replacement vector pD10 (Fig. 2).

Generation of mice with a targeted mutation in the Fah gene

Culture and electroporation of AB1 ES cells were as described
previously (Soriano et al 1991). DNA was prepared from indi-
vidual clones, digested with HindIll and Southern blotted
(Ramirez-Solis et al. 1992) using probe A (see Fig. 2). Blastocyst
injections were as described previously (Bradley 1987).

PCR genotyping

Three PCR primers were designed. Primers A and B were lo-
cated 5' and 3’ to exon 5 of the Fah gene, respectively. Primer C
was located at the 3’ end of the pol2Sneo expression cassette
within the bovine growth hormone polyadenylation sequence.
For genotyping, PCR (Mullis and Faloona 1987} was carried out
with all three primers simultaneously on 200 ng of tail-cut
DNA (Miller et al. 1988). The wild-type fragment produced by
use of primers A and B was 180 bp, and the mutant fragment
with primers C and B was 240 bp. Primer sequences were A,
5-CTAGGTCAATGGCTGTTTGG-3’; B, 5'-GGACATACCA-
ATTTGGCAAC-3'; and C, 5'-TAAAATGAGGAAATTGCAT-
CG-3'. The amplification conditions were 94°C for 5 min, fol-
lowed by 31 cycles of 90°C for 30 sec, 56°C for 30 sec, and 72°C
for 50 sec in a previously described buffer (Kogan et al. 1987).

Histology and electron microscopy

Electron microscopy was performed on tissues fixed in buffered
formalin. The samples were then postosmicated, embedded in
araldite, sectioned on an AO-Reichert ultracut E microtome,
and stained with uranyl acetate and lead citrate. Sections were
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examined in a Joel 100-CX microscope at magnifications rang-
ing from 800 to 12,000x.

Biochemical analysis

Samples from animals were obtained as follows. The pups were
sacrificed by decapitation, and blood was collected by dabbing
the wound onto Parafilm. For anticoagulation, the blood was
mixed immediately with 1 pl of 500 mm EDTA using a Pipet-
man. The red blood cells were removed by a brief centrifugation,
and the plasma was frozen at —80°C until PCR genotyping was
completed. Next, the liver was removed and also frozen at —80°C.

Fah enzyme assay

Fah enzyme assays were carried out at 30°C on a cytosolic frac-
tion of homogenized liver as described previously by Knox
(Knox and Edwards 1955). FAA, the substrate for the assay, is
not commercially available and was prepared from homogenti-
sic acid as described in the same reference. Protein concentra-
tions were measured with a Bio-Rad kit (Bradford 1976).

Blood glucose measurements

Plasma glucose concentrations were determined by a coupled
hexokinase/G-6P dehydrogenase assay {Bondar and Mead 1974)
with commercially available reagents (Sigma).

AST and creatinine measurements

Twenty microliters of plasma was mixed with 80 ul of a solu-
tion of 7% bovine serum albumin and assayed for AST and
creatinine levels with a Kodak Ektachem 700 chemistry ana-
lyzer.

Quantitative amino acid analysis

Individual plasma samples of 25 pl were quantitated on a Beck-
man 6300 automated amino acid analyzer (Sturman and Apple-
garth 1985).

Organic acid analysis

Mouse liver {20-50 mg} was homogenized in 0.8 ml of methanol
and centrifuged at 12,000g for 5 min. The supernatant was re-
moved and diluted to 5 ml with HPLC grade water. Pooled
plasma samples (100 pl) were diluted with 4.5 ml of water and
then treated identically to the liver samples. The diluted sam-
ples were oximated for 1 hr with 100 mg of hydroxylamine
hydrochloride at room temperature and at pH >12. The mixture
was then acidified with HCI to pH 1, poured onto a liquid/
liquid extraction column (Varian Chem Elut CE 1005), and ex-
tracted with ethylacetate. The extracts were dried under nitro-
gen and derivatized with 25 pl of N, O-bis(trimethisilyl) triflu-
oroacetamide + 1% trimethylchlorosilane (Pierce} at 85°C for
20 min. The sample was loaded onto a Hewlett-Packard 5890
GC/5970 mass spectroscopy instrument operating in the se-
lected ion monitoring mode. The ions monitored were of
masses 110, 138, 182, 212, and 227 for the two closely eluting
methyl isoxazole propionate derivatives of oximated SA (Tuch-
man et al. 1984). A control sample was prepared in parallel but
was spiked with 0.12 pg of SA at the beginning of the procedure.
The detection limit for SA in liver homogenate was 1 ng/mg
wet, weight and for plasma it was 0.1 pg/ml.

Fumarylacetoacetate hydrolase gene knockout

Northern blots

Total cellular RNA was isolated from frozen liver by the RNA-
zol method (Chomczynski and Sacchi 1987). Poly(A) RNA was
prepared using a Polytract System III kit (Promega). Ten micro-
grams {total cellular RNA) or 250 ng {poly(A) RNA) of RNA was
electrophoresed through a formaldehyde gel (Sambrook et al.
1989) and transferred onto Hybond N membrane (Amersham).
Equal amounts of either total cellular RNA or poly(A) RNA
were loaded into each lane. The equal loading was confirmed by
reprobing each of the blots with tubulin. Hybridization was at
42°C in 6X SSPE, 5% Denhardt’s solution, 0.5% SDS, and 50%
formamide. The probes used are described in the following ref-
erences: Fah (Grompe and Al-Dhalimy 1992); murine PEPCK
{Lem et al. 1988); TAT (Lem et al. 1988); AS (Surh et al. 1991};
OTC (Veres et al. 1987); NMO-1 (Ruppert et al. 1990}; al-AT
{Sifers et al. 1990); OAT (kindly provided by D. Valle, Johns
Hopkins University, Baltimore, MD); and albumin (Lem et al.
1988); and tubulin (Lem et al. 1988). The murine CHOP {Ron
and Habener 1992) and human oFP probes |Gibbs et al. 1987}
were generated by PCR based on published sequences.
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Loss of fumarylacetoacetate hydrolase is responsible for the neonatal
hepatic dysfunction phenotype of lethal albino mice.
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