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Abstract

Hereditary tyrosinemia type | (HT1) is caused by deficiency in fumarylacetoacetate hydrolase
(FAH), an enzyme that catalyzes the last step of tyrosine metabolism. The most severe form of the
disease presents acutely during infancy, and is characterized by severe liver involvement, most
commonly resulting in death if untreated. Generation of FAH*/~ pigs was previously accomplished
by adeno-associated virus-mediated gene knockout in fibroblasts and somatic cell nuclear transfer.
Subsequently, these animals were outbred and crossed to produce the first FAH™~ pigs. FAH-
deficiency produced a lethal defect in utero that was corrected by administration of 2-(2-nitro-4-
trifluoromethylbenzyol)-1,3 cyclohexanedione (NTBC) throughout pregnancy. Animals on NTBC
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were phenotypically normal at birth; however, animals were euthanized approximately four weeks
after withdrawal of NTBC due to clinical decline and physical examination findings of severe
liver injury and encephalopthy consistent with acute liver failure. Biochemical and histological
analyses, characterized by diffuse and severe hepatocellular damage, confirmed the diagnosis of
severe liver injury. FAH™'~ pigs provide the first genetically engineered large animal model of a
metabolic liver disorder. Future applications of FAH™~ pigs include discovery research as a large
animal model of HT1 and spontaneous acute liver failure, and preclinical testing of efficacy of
liver cell therapies, including transplantation of hepatocytes, liver stem cells, and pluripotent stem
cell-derived hepatocytes.
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Section 1: Introduction

1.1

1.2

Hereditary tyrosinemia type | (HT1; OMIM #276700) is an autosomal-recessive inborn error
of metabolism caused by deficiency in fumarylacetoacetate hydrolase (FAH), an enzyme
that catalyzes the last step of tyrosine metabolism.[1-4] Absence of FAH causes
accumulation of the toxic metabolite fumarylacetoacetate (FAA) in hepatocytes and renal
proximal tubules, the two major cell types that express FAH.[5-7] Clinically, individuals
with HT1 commonly develop symptoms within the first few weeks of life; however,
presentation is often variable, even within a family.[3] Acute onset of HT1 is characterized
by severe liver involvement,[8] most frequently leading to death, if untreated. The most
common treatment for HT1 is a low-tyrosine diet combined with administration of 2-(2-
nitro-4-trifluoromethylbenzyol)-1,3 cyclohexanedione (NTBC)[9], a potent inhibitor of 4-
hydroxyphenylpyruvate dioxygenase (Fig. S1).

Two Fah-knockout mouse models have been previously described: the ¢14C°S albino mouse
and the Fah2€xon5 mouyse.[10-12] Fah-knockout mice have proven a tremendous resource
for translational research related to treatment of a metabolic liver disease by various cell and
gene therapy approaches.[13-17] However, as has been demonstrated elegantly by the
creation of cystic fibrosis transmembrane conductance regulator (CFTR) knockout pigs,[18]
the pig is a more appropriate research model because of its similarity in size, anatomy, and
biology to the human.[19] We have previously reported the generation and characterization
of heterozygous FAH*/~ pigs[20] by using adeno-associated virus (AAV) and homologous
recombination to target and disrupt the porcine FAH gene, located on chromosome 7 in the
pig genome. An AAV vector was used to deliver a knockout construct targeted to exon 5 of
FAH fetal pig fibroblasts with an average knockout targeting frequency of 5.4% achieved.
Targeted FAH*/~ fibroblasts were used as nuclear donors for somatic cell nuclear transfer
(SCNT) to porcine oocytes, and multiple viable FAH*/~ pigs were born. FAH*/~ pigs were
phenotypically normal, but had decreased FAH transcriptional and enzymatic activity
compared to FAH*"* animals. Therefore, the goal of this study was to generate and
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characterize FAH™~ pigs in order to develop a more relevant preclinical model of an inborn
error of metabolism than currently exists.

Section 2: Materials and methods

2.1. Animals and animal care

FAH™~ pigs were produced in a 50% Large White 50% Landrace pig. All animals received
humane care in compliance with the regulations of the Institutional Animal Care and Use
Committee at Mayo Clinic. All animals were observed at least daily for clinical signs and
symptoms consistent with HT1 and acute liver failure. All animals were weighed daily until
reaching a weight of 20 kg; animals were subsequently weighed twice weekly. NTBC
(Yecuris, Portland, OR) was administered to the animals orally mixed within a portion of
daily chow rations. Pregnant sows were given 50-100mg of NTBC per day for the duration
of gestation. Weaned piglets were administered 1mg/kg NTBC per day until day 30. The
animals were observed until they consumed the entire portion of medicated food.

2.2. PCR genotyping

Pig tissue, from ear or tail, was added to 100ul of lysis buffer (stock lysis solution = 440ul
0.01% SDS; 40ul 10mg/ml proteinase K; 20ul 0.5M EDTA). Following a 90-min incubation
at 50°C and 30-min incubation at 95°C, 0.5pl of the lysed tissue were used for each 25yl
PCR reaction using BIOLASE DNA Polymerase (Bioline, Taunton, MA) with the following
three primers: WT-F: TTTCCTCCGCAGGTGACTAC; MUT-F:
GGGAGGATTGGGAAGACAAT; R- GACAACATGCTGCTGGACAC. PCR conditions
were as follows: 94°C for 5 min; 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30
s; 72°C for 5 min. PCR generated products of either 168bp (wild-type allele) or 232bp
(mutant allele), which were electrophoresed on a 2.5% TAE agarose gel and visualized with
ethidium bromide staining.

2.3. FAH protein assays

For western blot analysis, liver samples were homogenized in cell lysis buffer (Cell
Signaling, Danvers, MA) and isolated total protein separated by SDS-PAGE, followed by
immunoblotting onto a polyvinylidene fluoride membrane (TransBlot Turbo, BioRad,
Hercules, CA). The primary antibodies against FAH[21] and beta-Actin (#4970; Cell
Signaling, Danvers, MA) were detected with a secondary HRP conjugated anti-rabbit
antibody (Cell Signaling, Danvers, MA), and imaged using a chemiluminescent substrate for
detection of HRP (Thermo Scientific, Waltham, MA). FAH enzyme assays were carried out
on a cytosolic fraction of homogenized liver as described previously.[12] Absorbance at
330nm was measured every 15 sec by spectrophotometry after additional of
fumarylacetoacetate substrate.

2.4. Histopathological analysis

For liver and kidney analysis, tissue samples were fixed in 10% neutral buffered formalin
(Protocol, Fisher-Scientific, Pittsburgh, PA) and processed for paraffin embedding and
sectioning. For hematoxylin and eosin staining, as well as periodic acid-Schiff staining,
slides were prepared using standard protocols. FAH immunohistochemistry using a
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polyclonal rabbit anti-FAH primary antibody[21] was performed with a Bond Il automatic
stainer (Leica, Buffalo Grove, IL) with a 20 min antigen retrieval step using Bond Epitope

Retrieval Solution 2 (Leica, Buffalo Grove, IL) and stained with diaminobenzidine (Leica,

Buffalo Grove, IL).

2.5. Blood analysis

Blood was obtained via the right femoral vein using an ultrasound guided percutaneous
technique on a monthly basis and juts prior to euthanasia. Serum and plasma were separated
for analysis using standard protocols. For amino acid analysis, blood samples were collected
and dried on 903 Protein Saver Cards (GE Healthcare, Pittsburgh, PA). Amino acids and
succinylacetone were measured in dried blood spots by tandem mass spectrometry as
previously described.[22]

2.6. NTBC kinetics

Three wild-type pigs were fed an oral 1mg/kg dose of NTBC. Blood samples were collected
every 12 hours and plasma separated for analysis prior to freezing at —20°C. Plasma samples
were thawed and vortexed at room temperature. A 100 pL aliquot was removed from each
sample and combined with 25 L of water:acetonitrile (1:1) and 300 uL of internal standard
(200 ng/mL of d4-hydroxycoumarin prepared in acetonitrile). A standard curve and quality
control samples were similarly prepared with commercially available pig plasma by spiking
25 UL of NTBC (in 1:1 water:acetonitrile) into 100 uL plasma over a range of 2.5 to 2,500
ng/mL. The samples were vortexed for 5 min and centrifuged at 4,000 rpm for 10 min at
10°C. 200 pL of the supernatant was transferred to a new plate and diluted with 100 pL of
water:acetonitrile (1:1) and vortexed prior to analysis. Extracted plasma samples were
analyzed by LC/MS/MS with a triple quadrupole mass spectrometer in negative electrospray
ionization mode. A multiple reaction monitoring method containing mass transitions
appropriate for both analyte and internal standard was developed. Reversed phase HPLC
was performed with a Waters Atlantis dC18 column (100 x 2.1 mm, 5 micron) using a linear
binary gradient of mobile phase A (0.1 mM ammonium acetate in water:methanol (95:5))
and mobile phase B (0.1 mM ammonium acetate in methanol) at a flow rate of 0.750 mL/
min. Initial conditions were 30%B, held for 0.20 min then changed to 98%B over 1.80 min
and held for 0.50 min. Column re-equilibration was attained by returning to initial
conditions for 0.50 min.

Section 3: Results

3.1. NTBC administration during gestation rescues in utero lethality in FAH™~ pigs

Female FAH*/~ pigs, previously generated by SCNT, were allowed to develop to maturity
prior to breeding with wild-type male pigs to generate male and female FAH*/~ pigs. Upon
further out-crossing to wild-type pigs to generate genetic diversity in the herd, male and
female FAH*/~ pigs were bred together to potentially produce the first FAH™~ pigs (Fig. 1).
Surprisingly, in the absence of NTBC during gestation, no FAH™~ piglets were born. Next,
females were put on NTBC prior to conception and for the duration of pregnancy
(approximately 115 days). Pregnant sows were allowed to farrow naturally by vaginal birth.
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NTBC administration throughout pregnancy rescued the in utero lethality of FAH deficiency
as multiple healthy FAH™/~ piglets were born within the predicted Mendelian ratio (Fig. 1).

As no remnant or mummified fetuses were delivered by sows not on NTBC, we
hypothesized that FAH-deficiency was causing in utero lethality prior to day 35 of gestation.
[23] To test this, a pregnant sow on NTBC was euthanized at 30 days of gestation and
fetuses were collected for molecular analyses (Fig. 2A). Of the 17 fetuses recovered, 7 were
FAH™~ as determined by PCR genotyping (Fig. 2B). Additionally, liver tissue was collected
from all animals and FAH expression tested by Western blot analysis, revealing FAH was
robustly expressed at the protein level at day 30 of gestation in FAH*/* and FAH*/~ fetal
pigs, but not expressed in FAH™~ fetal pigs (Fig. 2C). Finally, in order to categorically rule
out presence of another enzyme that may act in a compensatory mechanism in pigs to
catalyze the breakdown of FAA, a standard FAH enzyme assay was performed on liver
homogenates using FAA as a substrate. Consistent with the western blot analysis, FAA was
able to be metabolized with associated decrease in absorbance at 330nm in wild-type
siblings but not in FAH™'~ animals (Fig. 2D).

3.2. Effect of NTBC withdrawal in FAH™~ pigs

In humans, NTBC has been reported to have an estimated half-life in serum of 54 hours.[24]
As NTBC kinetics were unknown in pigs, we tested the half-life of NTBC after a single
administration of 1mg/kg in three pigs and determined the half-life to be 20.9 hours (Fig.
S2). We next set out to test the effect of NTBC withdrawal in two groups of FAH™~ piglets
(Fig. 3A). In the first group of animals, no NTBC was administered to either the piglets or to
their nursing sow after birth. These three animals, experienced severe failure to thrive and
rapidly succumbed to complications of acute liver failure including severe hypoglycemia,
coagulopathy, encephalopathy and infection by 25 days of age (Fig. 3B). In the second
group of pigs, four piglets received 1mg/kg NTBC through day 30 of life. NTBC was
removed from the diet at this later time point to determine the effect of FAH-deficiency in
weaned pigs. In three of these animals, weight gain ceased within seven days of NTBC
withdrawal, and was accompanied by a progressive failure to thrive phenotype (Fig. 3, C
and D). These three animals were euthanized 19, 22 and 47 days after NTBC withdrawal
(49, 52 and 77 days after birth) due to similar clinical findings of hypoglycemia,
coagulopathy, and encephalopathy as seen in the Group 1 animals. One animal (L795)
continued to slowly gain weight for 112 days prior to cessation of weight gain (Fig. S3).
However, despite the modest weight gain, this animal demonstrated signs of encephalopathy
and was euthanized 145 days after NTBC withdrawal due to an upper gastrointestinal
hemorrhage.

3.3. FAH~ pigs have multiple biochemical abnormalities

We next analyzed several biochemical parameters to further characterize the phenotype of
FAH™~ animals (Table 1 and Fig. S3 and S4). At the time of euthanasia, blood serum
analysis revealed a pattern of acute liver injury including significant elevations in alkaline
phosphatase, aspartate aminotransferase, ammonia, total bilirubin and prothrombin time in
FAH™~ animals compared to control animals. Fasting serum glucose levels were
significantly decreased compared to controls. Next, amino acid levels were compared to
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analyze the effect of FAH-deficiency on tyrosine metabolism (Table 1). Serum analysis
revealed tyrosine was significantly elevated in FAH™~ animals compared to controls
indicating a block in tyrosine metabolism. Finally, elevation in urinary succinylacetone is
the primary diagnostic of HT1 in human patients and is caused by a build-up of FAA due to
FAH-deficiency. Consistent with this phenotype, succinylacetone levels were significantly
increased in FAH ™'~ animals at the time of euthanasia in both blood and urine samples
(Table 1, Fig. S3 and S4).

3.4. FAH™~ pigs have progressive liver injury

We next analyzed the histology of livers from FAH™~ animals off NTBC. We first
confirmed absence of FAH in these livers by IHC. Whereas FAH was detected robustly in
the hepatocytes of FAH*"* or FAH*/~ animals, FAH was completely absent in FAH™~ livers
(Fig. 4, A and B). Secondly, periodic acid-Schiff (PAS) staining was performed to access
glycogen levels in the liver. Consistent with liver failure as the primary cause of death in
FAH™/~ animals, PAS staining was markedly decreased in FAH*/~ livers compared to livers
from wild-type siblings (Fig. S5, A to C). Next, a detailed histopathological analysis
revealed diffuse hepatocellular injury, with hepatocytes exhibiting necrosis, cytoplasmic
ballooning degeneration, karyomegaly and prominent nucleoli in FAH™~ animals only (Fig.
4, Cand D; Fig. S5, D to F).

3.5. FAH™~ pigs have dysmorphic kidney morphology

As FAH is also expressed in renal proximal tubules, we next analyzed the kidney by
histology to determine if the kidneys were also damaged in FAH™/~ animals. Whereas FAH
was detected uniformly in the renal proximal tubules of FAH*"* or FAH*/~ pigs, FAH was
completely absent in FAH™~ kidneys (Fig. 5, A and B). Examination of kidneys at the time
of euthanasia revealed conspicuous macroscopic changes (2/4 animals from Group 2; 0/3
animals from Group 1) characterized by the presence of a yellow deposit in the renal pelvis
that was determined to contain a calcium phosphate peak upon spectral analysis (Fig. 5C). In
contrast to liver damage, kidney damage was more variable; however, kidneys from FAH™/~
pigs from both groups had areas of focal acute pyelitis but kidney damage was more
prominent in animals that did not receive any NTBC from birth (Group 1). In addition to
pyelitis, cortical kidney damage included tubular epithelial injury with proteinaceous casts,
tubular dilation, and acute pyelonephritis (Fig. 5D).

3.6. FAH™~ pigs have no other major abnormalities

As there have been isolated reports of abnormalities outside the liver and kidney of HT1
patients, we next performed a thorough histopathological analysis of all other major organs
of FAH™'~ pigs. With the exception of the pancreas, no significant pathology was identified
(normal histology not shown). However, at the time of euthanasia, there was a decrease in
islet size and islet number in the pancreata of FAH™~ pigs (2/7 pigs; Fig. S6, A and B). To
investigate this further, we performed IHC with an antibody against FAH on pancreatic
sections. Interestingly, the anti-FAH antibody labeled pancreatic islet cells robustly in
FAH*"* animals, whereas no FAH+ cells were detected in pancreata of FAH™~ pigs (Fig.
S6, C and D).
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Section 4: Discussion

4.1

4.2

As limitations in murine models have become more apparent, a substantial need exists for
the creation of improved models of human disease.[25] The advent of SCNT and improved
gene targeting strategies have made the pig the preferred choice for generating large animal
models of human diseases.[18, 26, 27] Metabolic diseases, or inborn errors of metabolism,
are caused by single gene defects in which absence or dysfunction of a protein results in
abnormal synthesis or metabolism of a protein, carbohydrate, or fat. While the individual
incidence of each disorder is rare, it is estimated that 10% of all pediatric liver transplants
are resultant from inborn errors of metabolism.[28] A potential alternative strategy to liver
transplantation is hepatocyte transplantation [29]. Since initial preclinical experiments in a
rodent model for Crigler-Najjar syndrome type 1[30], a number of small animal models of
metabolic liver diseases have been treated by hepatocyte transplantation, including
hereditary tyrosinemia type 1[13], phenylketonuria[31], Wilson’s disease[32], progressive
familial intrahepatic cholestasis[33], and alpha-1 antitrypsin deficiency. [13, 30, 34]. These
experiments in rodents have paved the way for hepatocyte transplantation in humans,
including the first published partial correction in a patient with metabolic liver disease in
1998 [35]. A major limitation of hepatocyte transplantation in humans has been a shortage
of transplantable cells. Therefore, there has been intense interest in developing new methods
to generate hepatocytes from various cell types including fetal and adult liver stem cells
[36-38], pluripotent stem cells [39-41], and by direct reprogramming from other lineages.
[16, 17] The Fah-knockout mouse has played a critical role in many of these studies by
providing an essential test of in vivo efficacy of hepatocyte function and repopulation
competency [42]. However, as has been demonstrated recently by generation of CFTR
knockout animals [18], pigs provide a more clinically-relevant model of human disease and
should accelerate development of regenerative therapies for various human disorders. We
believe, therefore, that a large animal knockout model of FAH-deficiency will provide an
important preclinical model of metabolic liver disease and prove useful in the evaluation of
novel liver cell therapies.

In this study, we report the creation of the first genetically modified large animal model of a
metabolic liver disorder, HT1, in pigs that are deficient in FAH, an enzyme that catalyzes
the last step in tyrosine metabolism.[4] Based on the results presented here, we believe
FAH™~ pigs off NTBC closely resemble the phenotype of acute-onset HT1 in humans. First,
the most common presentation for HT1 in infants is failure to thrive and this phenotype was
represented in these pigs as evidenced by cessation of weight gain and muscle wasting when
animals were off NTBC. Second, diagnosis of HT1 in the clinic consists of detection of
elevated tyrosine and succinylacetone in the blood or urine, of which both parameters were
observed in FAH™~ pigs. Confirmation of HT1 diagnosis in the clinic is done by measuring
FAH enzyme activity, which was also performed in FAH™~ pigs to confirm FAH-
deficiency. Third, liver injury is the key characteristic of acute-onset HT1 in infants.
Hepatocyte damage was the predominant histological finding in the liver of these animals,
presumably caused by accumulation of FAA within these cells caused by FAH deficiency.
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[6, 7] Severe liver damage was confirmed biochemically at autopsy by elevation of AST,
alkaline phosphatase, ammonia, and total bilirubin in the blood. Fourth, similar to the human
phenotype,[3] renal tubular damage was also detected in pigs off NTBC. In HT1, renal
tubular dysfunction is caused cell autonomously by accumulation of FAA, as well as non-
cell autonomously by circulating succinylacetone.[7] As a result, renal tubular injury is more
pronounced in the chronic form of human HT1, and we predict that future studies will reveal
more extensive kidney damage in FAH™~ pigs that survive longer than in this study.

It is important to acknowledge, however, that there are differences between FAH™/~ pigs and
HT1 patients. First, FAH-deficiency in humans is not believed to cause a lethal defect in
utero, even in HT1 patients with no detectable FAH activity.[2, 3] In our early experiments,
pregnant sows were not administered NTBC and no FAH™~ progeny were recovered. As
calcification occurs around day 35 of development in pigs,[23] and no mummified fetuses
were recovered at birth in these litters off NTBC, these results indicated that FAH-
deficiency was causing lethality prior to day 35 of gestation. This hypothesis is substantiated
by the fact that FAH is expressed early in the developing pig as demonstrated by our
western blot and enzyme assays. This is also a notable difference between Fah™~ mice and
FAH™~ pigs. In mice, Fah gene expression is detected around day E15.5 of development in
the liver.[43] Consequently, FAH-deficiency in mice does not produce an in utero lethal
defect and mice are born, albeit with severe liver damage.[12, 44] Less is known about FAH
activity in human development; however, FAH protein has been detected by western blot in
human fetal liver.[45] Moreover, succinylacetone can be detected in the amniotic fluid of
HT1 fetuses at around 15-18 weeks of gestation,[3, 46] indicating FAH is active by at least
this time point in human development. Additionally, confirmation of FAH-deficiency in the
developing human fetus leading to liver damage has also been shown by detection of
succinylacetone and alpha-fetoprotein in the cord blood of newborns with HT1.[47] To that
point, there have been two recent reports of administration of NTBC during gestation in
patients with HT1.[48, 49] While this approach has potential therapeutic benefit, up to now
there has been no suitable research model to test the effect of in utero administration of
NTBC to the fetus in an appropriate preclinical model. The results presented here would
strengthen the argument that a patient carrying a fetus known to be at high risk of liver
damage caused by absence of a functional FAH gene should be given NTBC for the duration
of pregnancy.

It is interesting to note, that in utero lethality in FAH™~ pigs, which is correctable by NTBC,
provides unique opportunities to study regenerative therapies targeted to the fetus.[50] As
liver injury can be initiated by stopping NTBC at any time in development, FAH™'~ pigs
could be used to test efficacy of gene therapy and in utero cell transplant approaches at any
point during gestation, providing a unique disease model that is currently unavailable.
Additionally, FAH-deficiency during development may provide a strong selective advantage
for the expansion of transplanted human hepatocytes in utero,[51] potentially allowing rapid
repopulation of the FAH™~ liver with cells[42] that could be used for various cell therapy
approaches for myriad liver disorders. A comparable strategy has already been demonstrated
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in the pig for generating exogenic pancreas in an apancreatic pig by way of blastocyst
complementation.[52] This success of this procedure was based on the vacant pancreatic
niche created by expressing a HES1 transgene driven by the PDX1 promoter which resulted
in an apancreatic phenotype. To this point, FAH-deficiency in the developing mouse has
been already exploited for liver repopulation with FAH-positive cells,[53] suggesting FAH-
deficiency could provide a unique niche in the developing FAH™~ pig fetus for repopulation
with FAH-positive cells.

In conclusion, our data show that FAH™~ pigs represent the first genetically modified large
model of a metabolic liver disease. FAH™'~ pigs off NTBC die of acute liver failure caused
by severe hepatocyte dysfunction due to deficiency of the enzyme FAH. FAH™~ pigs
closely resemble the human HT1 phenotype, although differences do exist. We anticipate
FAH™"~ pigs will provide a tremendous resource for preclinical studies aimed at developing
regenerative treatments for metabolic liver disease. Additionally, it can be expected that
FAH™~ pigs will provide a clinically relevant model for testing efficacy of various cell
therapy approaches, including hepatocytes, liver stem cells, pluripotent stem cell-derived
hepatocytes, and induced multipotent progenitor cells.
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-NTBC

Fig. 1. FAH-deficiency is an in utero lethal defect in the absence of NTBC
FAH*/~ male and female pigs were bred together, with our without administration of NTBC

in the food. No FAH™/~ piglets were born in the absence of NTBC administration. 19 out of
88 piglets were FAH™~ when NTBC was administered to the sow throughout pregnancy.
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Fig. 2. FAH is expressed early during pig fetal development
(A) Image of fetus harvested at day 30 of gestation. (B) A three-primer PCR assay was

deigned to genotype all piglets based on the presence or absence of a wild-type (WT) or
mutant FAH allele. In this litter of 17 piglets, seven were FAH™'~ (H=Homozygote for
mutant allele), four were FAH*/~, and six were FAH**. (C) Western blot analysis using an
FAH antibody was performed to confirm absence of FAH protein in FAH™~ liver
homogenate compared to FAH*~ and FAH** pigs. A B-actin antibody was used as a
loading control for all samples. (D) An FAH enzyme assay was performed on FAH™~ and
FAH*"* liver homogenates (n=3 for each genotype). FAH™/~ liver homogenate was unable to
break down FAA, as measured by a decrease in absorbance at 330 nm, indicating absence of
FAH activity.
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Fig. 3. FAH- pigs off NTBC undergo rapid clinical decline
(A) Schematic of the two groups of FAH™~ pigs used for these studies, indicating whether

or not NTBC was administered (ON/OFF NTBC). (B) Kaplan-Meier survival curve for two
groups of FAH™/~ pigs compared to a control group. * = P<0.01 for differential survival
between both FAH™'~ groups compared to controls. (C,D) Images of three littermate pigs on
NTBC at day 30 on left, compared to immediately prior to euthanasia on right in which the
FAH™~ pig on the far right had been off NTBC for 47 days.
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Fig. 4. FAH™- pigs have severe liver damage after NTBC withdrawal
(A, B) FAH-immunohistochemistry in liver of FAH** (left) and FAH™~ (right) pigs. FAH

(stained brown) is completely absent in FAH™~ hepatocytes. Scale bar = 250 um. (C,D)
H&E staining in liver of FAH** (left) and FAH™~ (right) pig. FAH™~ livers show
significant hepatocyte injury, with necrosis and inflammation compared to the control liver.
Scale bar = 100um.
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Fig. 5. FAH™- pigs have kidney abnormalities after NTBC withdrawal

(A,B) FAH-immunohistochemistry in kidneys of FAH*/* (left) and FAH™ (right) pigs.
FAH (stained brown) is completely absent in FAH™/~ renal tubular cells. Scale bar = 250
um. (C) Gross morphology of kidney from FAH™~ pig showing presence of a calcium
phosphate deposit in the pelvis. Scale bar = 20mm. (D) H&E staining in kidney of FAH™/~
pig showing renal tubular injury. Scale bar = 400um.
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