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Abstract

Current techniques for the alteration of gene expression in the liver have a number of limitations,
including the lack of stable somatic gene transfer and the technical challenges of germline
transgenesis. Rapid and stable genetic engineering of the liver would allow systematic, in vivo
testing of contributions by many genes to disease. After fumaryl acetoacetate hydrolase (Fa/) gene
transfer to hepatocytes, selective repopulation of the liver occurs in FAH-deficient mice. This
genetic correction is readily mediated with transposons. Using this approach, we show that genes
with biological utility can be linked to a selectable Fa/transposon cassette. First, net conversion of
Fal'~ liver tissue to transgenic tissue, and its outgrowth, was monitored by bioluminescence Jn
vivo from a luciferase gene linked to the FAH gene. Second, coexpressed short hairpin RNAs
(shRNAs) stably reduced target gene expression, indicating the potential for loss-of-function
assays. Third, a mutant allele of human al-antitrypsin (hnAAT) was linked to Fa/ and resulted in
protein inclusions within hepatocytes, which are the histopathological hallmark of hAAT
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deficiency disorder. Finally, oncogenes linked to Fa/1resulted in transformation of transduced
hepatocytes.

Conclusion—Coexpression with FAH is an effective technique for lifelong expression of
transgenes in adult hepatocytes with applicability to a wide variety of genetic studies in the liver.

Microarray and cancer genome sequencing projects have produced an emergent catalog of
genes implicated in liver regeneration, metabolism, cancer, and inherited diseases.2 In turn,
there is increasing need for /n vivo assessment of these genes in a meaningful context. One
method for assessing cancer genes is to express putative oncogenes in primordial liver cells,
transplant these cells into recipient mice, and measure tumor outgrowth.3 An easier method,
in which genes could be directly and stably expressed or suppressed in most hepatocytes /in
vivo, would facilitate the validation and testing of genes thought to affect liver biology.

Current techniques for gene expression in the liver have limitations. Germline transgenesis
establishes stable gene expression, but its expense constrains scale-up or the ready study of
genetic interplay. For example, genetic modifiers are thought to affect a1-antitrypsin disease
severity in humans,? yet transgenic mouse models are on a syngeneic background.>’ A
method to selectively and easily express transgenes in hepatocytes would be useful for the
study of this and other liver diseases.

Integration and expression of multiple genes is possible using transposon plasmids. The
Sleeping Beauty (SB) transposon enables long-term gene expression on gene transfer to the
mouse liver.8:9 Delivery is accomplished by a rapid, large-volume injection via the tail vein
called “hydrodynamic injection.”10:11 The major shortcoming of this system is that stable
integration and expression are restricted to fewer than 1%-2% of hepatocytes after a single
delivery.® One notable exception is with Fa/ gene delivery to the hepatocytes of FAH-
deficient mice, where the initial integration rate may be the same as in wild-type animals but
selective repopulation leads to stable Fa/ gene expression in more than 50% of hepatocytes.
12-14 Qur results demonstrate that genes encoding luciferase, a short hairpin RNA (shRNA)
that targets luciferase, a mutant allele of human al-antitrypsin (hAAT), the NRAS
oncogene, and a p53 shRNA, were all stably expressed in the liver on fumaryl acetoacetate
hydrolase (FAH)-mediated repopulation. Thus, we present a facile method for somatic,
lifelong manipulation of multiple genes in the mouse liver.

Materials and Methods

Plasmid Construction

A single amino acid substitution, K33A, shown previously to increase transpositional
activity by 400% in vitro,X® was incorporated into plasmid pPGK-SB11.16 The resultant
PGK-SB-K33A transgene was inserted into pKT2/FAHILY outside of the transposon on the
3’ end to generate pKT2/FAHIL//SB.

IRES and luciferase sequences of pKT2/FAHIL were removed to generate pKT2/CaFAH. A
pGL3-Promoter vector fragment (Promega Corp.) containing SV40 promoter-luciferase was
inserted into pKT2/CaFAH to generate pKT2/Luc-FAH. The U6 promoter-luciferase ShRNA
fragment of plasmid pSHAG-Ff118 was placed in pKT2/Luc-FAH to generate plasmid
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pKT2/siLucFAH. Site-directed mutagenesis of the luciferase sequence of pKT2/siLucFAH
was performed by 3-step polymerase chain reaction (PCR) mutagenesis to generate pKT2/
si*Luc*FAH.

Luciferase complementary DNA (cDNA) from pGL3-Promoter vector was replaced with
Fah cDNA to generate pSV40-FAH. The size-minimized Caggs promoter (miniCaggs) from
pKT2/mCAG (A. Wilber, unpublished) was excised and combined with an SB-containing
fragment of pKT2/FAHIL//SB to make pKT2/CA//SB. The SV40promoter-FAH transgene
was inserted into pKT2/CA/SB to make pKT2/FAH-CA//SB. This plasmid contains an
EcoRl site in front of the miniCaggs promoter that can be used to insert any cDNA of
interest for coexpression with FAH.

The cDNA for hAAT was removed from plasmid pT/hAAT.PGK-SB8 and was inserted into
pT2/Caggsl® to generate pT2/Caggs-hAAT. The Z allele of hAAT was made by three-step
PCR mutagenesis and was cloned into pT2/Caggs to generate pT2/Caggs-Z.

Complementary DNA encoding wild-type and Z hAAT were inserted into pKT2/FAH-Ca-
SB to make pKT2/FAH-hAAT//SB and pKT2/FAH-Z//SB.

The bidirectional promoter from plasmid pKT2/GFP-PGK-CLP-Luc (A. Wilber,
unpublished) contains PGK and cytomegalovirus enhancer/EFla promoters in juxtaposition.
The promoter was removed and assembled with FAHIL and NRAS cDNA sequences to
generate pKT2/FAHIL-PGK-EF1a-NRAS. The vector MLMS-p53.1224 contains an ShRNA
that targets mouse p53 and a green fluorescent protein (GFP) transgene.2% The Pvull
fragment containing the shRNA and GFP was transferred to an SB transposon plasmid to
generate pT2/sh.p53-GFP.

HT1080 human intestinal carcinoma cells and HeLa human cervical carcinoma cells were
maintained on Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum and 1x penicillin/streptomycin. Transfections were performed using FuGene 6
reagent (Roche Diagnostics) according to the manufacturer’s directions. Luciferase assays
were performed using Luciferase Assay System (Promega) according to the manufacturer’s
directions.

Mouse Experiments

All animal work was conducted under an institutionally approved animal welfare protocol.

Fah-deficient mice?! were maintained on 7.5 zg/mL 2-(2-nitro-4-
trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC)22 until injection with the Fah
transposon plasmids. Mice between 18 and 25 weeks of age were injected with plasmid
DNA by hydrodynamics as described.® The next day, NTBC was removed from the
drinking water. The amount of DNA injected for luciferase expression was 25 ug pKT2/
FAHIL//SB; for shRNA expression, 20 ug pKT2/siLucFAH or pKT2/si*Luc*FAH plus 10
ug pPGK-SB11; for hAAT expression, 25 pg pKT2/FAH-hAAT//SB or pKT2/FAH-Z//SB
plus 1 pg pKT2/Caggs-Luc?3; and for oncogene expression, 1 group of mice was injected
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with 20 pg pKT2/FAHIL-PGK-EF1a-Nras plus 10 pg pPGK-SB11 and a second group
received these plus a third plasmid, 20 pg pT2/sh.p53-GFP. /n vivo luciferase imaging was
performed at selected time points as described.18 Hepatocytes were isolated for
transplantation by collagenase perfusion as described.24

Immunofluorescence

Liver tissue was fixed with 10% formalin and paraffinized. Three-micron sections were
hydrated and antigen retrieval was performed by 5 minutes of microwaving in 10 mM
sodium citrate, pH 6.0 + 0.1% triton X-100. Slides were washed with phosphate-buffered
saline (PBS) plus 0.05% triton X-100 and 0.05% Tween 20, then blocked for 1 hour at room
temperature with wash solution plus 10% fetal lamb serum and 2% bovine serum albumin.
The slides were then incubated for 1 hour at room temperature with chicken anti-mouse
FAH (generated by Dr. Xin Wang) and rabbit anti-hAAT (Dako) at a 1:500 dilution in the
block solution. The slides were immersed 3 times in wash solution, and a 1:500 dilution of
Alexa Fluor 555 donkey antirabbit immunoglobulin G (IgG) (Invitrogen) and Alexa Fluor
488 goat anti-chicken IgG (Invitrogen) in block solution was added for 1 hour at room
temperature. Slides were then washed 3 times, with 1 pg/mL 4”, 6-diuamidino-2-
phenylindole included in the second wash, and mounted with Fluoromount-G (Southern
Biotech).

Immunohistochemistry

Immunohistochemical staining for FAH was conducted as described.1” NRAS staining was
performed with monoclonal mouse-anti-NRAS antibody (Santa Cruz Biotechnology) and
Ki67 staining with monoclonal mouse anti-Ki67 antibody (Novocastra). These antibodies
were applied to tissue sections using the Mouse on Mouse immunodetection kit (\Vector
Laboratories) according to the manufacturer’s instructions.

Periodic Acid-Schiff-D Staining

Diastase digestion of tissue sections was performed at 37°C for 15 minutes with 6.7 g/L
Amylase Type VI-B (Sigma) in distilled water. The slides were then stained with periodic
acid and Schiff’s reagent, counterstained with hematoxylin, dehydrated, and mounted.

Microscopic Imaging

Immunofluorescent images were captured at 100 x magnification using a Zeiss Axioplan 2
(Zeiss Inc.) microscope and Zeiss Axiocam MRm or Canon PowerShot G6 cameras.
Multiple optical sections were acquired in each fluorescent channel, and the sections were
processed using Axio Vision software (Zeiss Inc.). Adjacent sections (fluorescent/
brightfield) were aligned optically using visible tissue landmarks.

Western Blotting

Liver protein was extracted in 1% Triton X-100, 0.5% deoxycholic acid, 10 mM
ethylenediamine tetraacetic acid, and 2 mM phenylmethane sulfonylfluoride by grinding and
sonication. The lysate was cleared by centrifugation, and 50 pg total protein was boiled for 5
minutes, separated on an acrylamide gel, and transferred onto a nitrocellulose membrane.
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Blots were blocked with blotto (5% nonfat milk powder in PBS plus 0.1% Tween 20) for 1
hour at room temperature or overnight at 4°C. Primary antibodies were added in blotto
solution for 1 hour at room temperature. Blots were washed three times with PBS plus 0.1%
Tween 20 before secondary antibody was added then washed again and immersed for 1
minute in chemiluminescent substrate (Pierce). Radiographic paper was then exposed to the
blots. For detection of hAAT, rabbit anti-human a1-antitrypsin (Dako) was used at a dilution
of 1:5000 in combination with goat anti-rabbit 19G, horseradish peroxidase (HRP) (Sigma)
at 1:10,000, or goat anti-hAAT (1:3000, Diasorin) was used with donkey anti-goat 1gG, HRP
(1:6000; Promega). Albumin was detected with rabbit anti-mouse albumin (1:10,000;
Accurate Chemical and Scientific Corp.) in combination with goat anti-rabbit 19G, HRP
(1:10,000; Sigma). FAH was detected with rabbit anti-mouse FAH (1:3000; Dr. Xin Wang)
in combination with goat anti-rabbit 1gG, HRP (1:10,000; Sigma). Luciferase was detected
with affinity-purified rabbit anti-firefly luciferase (1:200; Cortex Biochem.). Purified hAAT
(Sigma) was used as a standard.

Reverse Transcription PCR

Total RNA was isolated using the TRIzol Reagent (Invitrogen) according to the method
provided by the manufacturer. One microgram total RNA was reversed transcribed with
random hexamer primers using the Transcriptor First Strand cDNA Synthesis Kit (Roche)
according to the manufacturer’s instructions. Subsequent PCR analysis was carried out with
1 pL synthesized cDNA template and various primer sets using standard conditions for
nonsaturated PCR.

Results

Rapid and Quantifiable Establishment of Luciferase Expression in Mouse Liver

FAH enzyme deficiency causes neonatal lethality in mice from hepatic toxicity.2! The drug
NTBC blocks neonatal lethality in ~a//~mice by inhibiting 4-hydrozyphenylpyruvate
diogenease, an enzyme upstream of FAH in the tyrosine catabolic pathway, enabling colony
propagation of Faf~ mice.22 Correction of FAH deficiency using transfer of the Fa/ gene
results in therapeutic liver repopulation by the FAH gene—corrected Fa/m/~ hepatocytes, such
that the mice no longer require NTBC.12-14

To stably coexpress the reporter luciferase with FAH in repopulating liver cells, the construct
pKT2/FAHIL//SB was injected into two Fah™~ mice. NTBC was removed to select for
FAH-expressing hepatocytes, and at 1 month postinjection their weights surpassed
pretreatment level, indicating therapeutic correction of the metabolic defect (Supplementary
Fig. 1A). Immunohistochemistry of liver tissue using an antibody against FAH revealed
nodules of liver cells with positive staining surrounded by unstained cells (Fig. 1B). Western
analysis of liver lysates indicated that FAH and luciferase were both expressed in the pKT2/
FAHIL//SB-repopulated mouse (Fig. 1C).

In vivo bioluminescent imaging was used to track the luciferase expression over time in live
animals. The expression was highest in the area of the liver, as seen in previously using
hydrodynamic injection!6:2% (Fig. 1D). An image taken at postinjection day 26 likely
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represented an early point in repopulation, as the mice were on NTBC treatment for
tyrosinemia-induced weight loss. Luciferase activities measured at 42 and 55 days
postinjection were approximately 10-fold higher than the first measurement, indicating that
the expression expanded with time. Expansion of transgene expression generally is not seen
with standard gene transfer techniques: instead, diminution of gene expression is the norm.16
Therefore, this result demonstrates the ability to link transgene expression with liver
repopulation. Sequencing of insertion sites revealed that the transposons integrated into TA
dinucleotides, which are characteristic of SB transposase-mediated events (Supplementary
Table 1).

To test the stability of expression in dividing hepatocytes, we performed the following
transplantation experiment. The hepatocytes from one of the Fa//~ mice repopulated with
pKT2/FAHIL//SB were isolated at 55 days postinjection, and suspensions of 800, 1500,
15,000, 30,000, and 150,000 hepatocytes were injected into the spleens of new Faf’~
recipient mice. Nine days later the mice were imaged /n vivo for luciferase expression (Fig.
1E). The amount of light emitted was found to have a statistically significant, linear
correlation with the number of transplanted hepatocytes (/2 = 0.95; 2= 0.005), indicating
that luciferase expression can be used as a marker for the relative number of injected
hepatocytes (Fig. 1F). NTBC was removed from transplant recipients, and luciferase
expression increased by an average of more than 100-fold during 5 weeks of repopulation
with the transplanted cells (Fig. 1G).

Transposon-Based Engineering for Gene Knockdown in the Liver

As a proof-of-principle that RNA interference can stably reduce target-gene expression after
gene transfer to the mouse liver, we coexpressed, with FAH, a previously reported shRNA
that targets the reporter luciferase.18 We constructed a transposon vector, pKT2/siLucFAH,
with 3 separate transcriptional units: (1) sShRNA; (2) luciferase; and (3) FAH. A control
construct was made, pKT2/si*Luc*FAH, with 11 silent mutations in the ShRNA-targeted
region of luciferase, such that binding is unlikely (Fig. 2A). The energy required for
hybridization of the sShRNA to the luciferase RNA is increased by more than 26 kcal/mol
with the substitutions.28 The plasmids were transiently transfected into tissue culture cells,
and luciferase assays indicated a sequence-specific reduction in luciferase expression when
the shRNA is combined with the original luciferase sequence (Fig. 2B).

Each of the ShRNA expression vectors was mixed with S/eeping Beauty transposase plasmid
and coinjected into ~a/~/~ mice. Bioluminescence was measured /7 vivo at regular intervals,
and the mice that received the codon-modified luciferase construct, pKT2/si*Luc*FAH, had
10-fold more robust luciferase expression than the native luciferase construct, pKT2/
siLucFAH (Fig. 2C). Overall, the results indicate that ShRNA suppressed the target
luciferase throughout repopulation.

Modeling of a Gain-of-Function Disease, Human al-Antitrypsin

We elected to study al-antitrypsin deficiency, the most common genetic disease of the liver.
21 \Whereas wild-type hAAT is normally secreted by hepatocytes, the protein expressed by
the Z allele (E342K) is abnormally folded and retained in the endoplasmic reticulum,
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resulting in characteristic protein inclusions within hepatocytes.28 We constructed
transposon vectors that contain either wild-type or Z alleles of hAAT together with Fah, with
a transposase gene outside of the transposon (Fig. 3A). The wild-type construct (pKT2/FAH-
hAAT//SB) and the Z construct (pbKT2/FAH-Z//SB) were introduced into FAH-deficient
mice by hydrodynamic injection, and NTBC was withdrawn. With each injection mixture, a
luciferase expression plasmid (pT2/Caggs-Luc) was included to monitor gene transfer. The
luciferase expression levels of the mice determined at 1 day and 1 month postinjection were
not different, indicating that gene transfer was the same for both groups (Fig. 3B). The
average animal weight of both treatment groups normalized to pretreatment level by 3 weeks
postinjection (Supplementary Fig. 1B).

Six months after plasmid injection, hepatocytes were collected from one mouse in each
treatment group for transplantation. For each of the two treatments, 4000 or 400,000
hepatocytes were transplanted into two female and two male FAH-deficient recipient mice.
NTBC was withdrawn to select for the transplanted hepatocytes, and the weights of recipient
mice were measured (Supplementary Fig 1C). In each group, the male recipients of 4000
hepatocytes died, presumably from the stress of tyrosinemia. The remaining three mice per
group exhibited a similar course of weight loss and gain after treatment. Based on the
stability of the mouse weight after treatment, there was no apparent difference between Z
mutant or wild-type hAAT coexpression in the ability of mice to repopulate. Insertion sites
recovered by inverse PCR from DNA-injected mice are consistent with SB transposase-
mediated integration (Supplementary Table 1).

Western analysis of the serum of treated mice was performed to determine whether the
linked genes are secreted. Wild-type hAAT was detected at 1, 30, and 180 days after
injection, at a concentration slightly above the normal range for humans with wild-type
hAAT phenotype (0.85-2.15 mg/mL)27 (Fig. 3C).The Z protein was not detectable in the
serum. Westerns were carried out on liver extracts to examine transgene expression within
the hepatocytes, and both hAAT and FAH proteins were detected with pKT2/FAH-Z//SB and
pKT2/FAH-hAAT//SB (Fig. 3D). The results indicate that wild-type hAAT could be
secreted, but the Z protein was retained in the liver.

The histopathological hallmark of a1-antitrypsin deficiency in liver is the formation of
protein inclusions within hepatocytes that are visible after periodic acid-Schiff staining with
diastase pretreatment (PAS-D staining).2” A histological analysis was conducted on livers 10
months after repopulation with pKT2/FAH-Z//SB and pKT2/FAH-hAAT//SB (Fig. 3E). The
FAH staining was cytoplasmic for both, and positive cells were in clusters, suggesting clonal
outgrowth. FAH staining was noted in approximately 30% to 50% of hepatocytes, a range
consistent with previous results with nonviral gene therapy in the FAH model 13.14.17 |n
mice repopulated with pKT2/FAH-hAAT//SB, the staining with hAAT antibody was fine and
granular and was stronger in the area that coincided with FAH expression. Staining of wild-
type hAAT was also visible throughout the section in areas around the cells (the
interstitium), which likely corresponds to secreted hAAT. In mice repopulated with pKT2/
FAH-hAAT//SB, the PAS-D stain showed normal-appearing liver tissue without PAS-D-
positive intracytoplasmic inclusions (Fig. 3E).
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In liver tissue repopulated using pKT2/FAH-Z//SB, the Z protein was confined within cells
and always corresponded to FAH staining (Fig. 3E). Three unique features were found only
in mice 10 months after treatment with pKT2/FAH-Z//SB: (1) clusters of cells that stained
for FAH but not hAAT, suggesting that there was outgrowth of cells with attenuated
expression of the mutant protein (Fig. 3E, double arrowheads); (2) inflammation
corresponding to scant Z protein expression and PAS-D—positive material, suggesting an
immune reaction to some of the cells with transgenes (Fig. 3E, thick arrows); and (3) large
hAAT-positive, FAH-positive, PAS-D—positive globules (Fig. 3E, narrow arrows). Liver
tissue samples from Z-homozygous human patients were stained as a control, and displayed
PAS-D-positive globules as described in the literature (data not shown).

Expression of Oncogenes Using Somatic Transgenesis Results in Hepatic Tumors

Hepatocellular carcinoma (HCC) results from genetic changes that activate oncogenes or
cause loss of tumor suppressors.2? HCC is known to arise in FAH™/~ mice that are
discontinuously treated with NTBC,22 but no HCC is detected at higher doses of NTBC at
13 months.30 HCC is also detected in two-thirds of mice 1 year after repopulation using
retrovirally delivered FAH transgenes.39 The HCC has its origins in FAH-negative,
nontransduced cells3® and may result from accumulation of the tyrosine metabolite
fumarylacetoacetate, a known mutagen, within these cells.3!

To test whether HCC could be induced by expressing oncogenes, a vector was generated that
coexpresses FAH, luciferase, and a constitutively activated NRAS oncogene.32 This was
administered to two FAH-deficient mice together with a transposase construct. Two other
mice received an additional transposon plasmid that expresses an ShRNA that targets p53 to
promote cancer.20 On withdrawal of NTBC, the mice underwent liver repopulation, as
evidenced by stable weight gain (Supplementary Fig. 1D) and increasing luciferase
expression (Fig. 4B). At day 43 after injection, liver tissue from mice in both groups was
removed by partial hepatectomy and sectioned, and clusters of cells with large nuclei and
bizarre mitotic figures were present (data not shown). By 70 days after injection, the mouse
with p53 shRNA that had undergone partial hepatectomy developed a massively enlarged
abdomen that colocalized with expansive luciferase /in vivo expression (Fig. 4B). The second
mouse in this group developed an enlarged abdomen by day 112. On necropsy, both mice
had massive, expansile, multifocally cystic liver tumors that extended from the diaphragm to
the posterior abdomen, filling most of the abdomen (Fig. 4C). In contrast, the mice
repopulated with the NRAS construct, but without p53 shRNA, had discrete, nodular tumors
in a liver that was otherwise normal in appearance. Transposon insertion sites were
recovered and they were consistent with SB-mediated integration (Supplementary Table 1).

The p53 shRNA construct has alinked GFP transgene, and the tumor tissue from mice
injected with both transposons was found to be strongly GFP positive, demonstrating the
presence of the DNA construct encoding the p53 shRNA (Fig. 4C). Microscopic
examination of the liver showed that 80% of the tissue consisted of cords of large,
pleomorphic, anaplastic hepatocytes arranged in trabeculae and sheets forming nodules
multifocally disrupted by variably sized cystic structures (glandular pattern) indicative of
hepatocellular carcinoma (Fig. 4D). Small portions of compressed nonneoplastic liver
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parenchyma remained at the periphery of the tumor. Immuno-histological analysis showed
that the tumor cells are positive for FAH, N-ras, and Ki67, a marker of cell proliferation,
providing further evidence that tumor formation is linked to the transgene (Fig. 4D).

Reverse transcription PCR was conducted to further assess gene expression in the
repopulated liver tissue (Fig. 4E). The analysis confirmed expression of transgenes that were
codelivered, including FAH, N-ras, and GFP. Furthermore, p53 expression was reduced in
the liver tissue of the mice receiving the ShRNA. Two markers of liver cancer were examined
by reverse transcription PCR; alpha-fetoprotein33 and osteopontin34 messenger RNA levels
were increased in the mice receiving NRAS plus p53 shRNA oncogenes, and alpha-
fetoprotein was increased in mice receiving NRAS alone. Taken together, the data indicate a
causal relationship between FAH-mediated expansion of cells harboring an oncogene and
tumor formation.

Discussion

Many approaches are used for the genetic manipulation of mammalian cells and tissues.
Viral and nonviral vectors are capable of mediating gene transfer and expression in somatic
tissues. Currently, however, only a relatively low proportion of genetically modified cells
can be achieved after somatic modification of mammalian tissues, and most studies have
focused on biological systems in which a limited frequency of gene transfer is sufficient to
achieve an informative outcome. Germline transgenesis achieves genetic modification of all
tissues in the test animal, but evaluation of tissue-specific effects demands a high degree of
tissue specificity in regulating expression of the gene of interest.

We have devised a system that allows for the specific genetic modification of a high
proportion of cells in the liver after somatic gene transfer. Our results demonstrate that
transgenes linked to Faf can be stably expressed in mouse liver after repopulation of the
FAH-deficient mouse liver by the initially transfected cells. Genes encoding luciferase,
shRNAs, a human dominant-negative gene, and oncogenes were all expressed after
proliferation of hepatocytes that were selected by the expression of the codelivered Fah
gene. Our method of expression facilitates the stable genetic manipulation of the adult liver.

Luciferase coexpression enabled the tracking, /n vivo, of liver cells as they repopulate. The
correlation between number of cells transplanted and luciferase signal suggests that
luciferase signal can be used as a surrogate marker of the number of cells with established
FAH expression. Indeed, we have successfully applied FAH and luciferase coexpression
constructs to measure the efficacy of two novel gene transfer methodologies in correcting the
FAH mouse.12.17

Recent data suggest that ShRNAs expressed in liver can saturate the endogenous RNA
interference pathway and cause liver damage and fatality from inability of cells to produce
microRNAs.35 Results presented here indicate that an sShRNA targeting luciferase was
expressed longterm throughout liver repopulation. Furthermore, both experimental and
codon-modified constructs used the same shRNA sequences, which rules out the possibility
that the observed 90% reduction in expression of the target gene was due to toxicity of the
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shRNA. Therefore, this result indicates that an shRNA can potently reduce target gene
expression /n vivoin regenerating and quiescent liver cells without causing lethality.

Liver repopulation of FAH-deficient mice occurred with coexpression of wild-type and Z
alleles of hAAT. The lack of difference in the kinetics of repopulation may be a reflection
that the disease progression in hAAT is a slow process; only a subset of humans
homozygous for the Z allele develop liver disease by their fourth decade.2” Mice transgenic
for the Z allele develop pathological inclusions of the mutant protein, but they also develop
sheets of hAAT-negative tissue, suggesting selective outgrowth of this tissue.” In transgenic
mice, hepatocytes that contain protein inclusions have a seven-fold decreased proliferation
compared with inclusion-devoid hepatocytes.38 In our model, FAH-mediated repopulation
occurred with either Z or wild-type coexpression, indicating that any counterselection due to
Z expression was not as strong as the positive selection of due to the FAH. Our FAH-
mediated expression model does demonstrate, however, full manifestation of the
pathological development of hepatocytes inclusions and also demonstrates FAH-positive
cells that do not express the Z allele. Previous work indicates unknown genetic modifiers to
liver disease progression.* The FAH coexpression method would be ideal for examining
candidate disease-modifying loci by knockdown or expression, for modulation of the disease
severity or latency.

There is heightened interest in cancer genome projects that can identify somatic mutations in
tumor cells; the result is a list of hundreds of putative oncogenes and tumor suppressors that
will have to be characterized for function and significance in biologically relevant models.?
Here, we somatically express an oncogene and target a tumor suppressor gene to cause
HCC. Although Faf™~ hepatocytes have an intrinsic propensity to develop HCC from
accumulation of fumarylacetoacetate in FAH-de-void cells,30 the HCC observed in our study
is linked to FAH expression, has a pronounced onset, and has distinct morphology. Thus, our
method of gene expression presents a tool for screening of putative oncogenes for
aggressiveness and for cancer phenotype /n vivo.
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Stable coexpression of luciferase with FAH in the livers of somatically modified and
repopulated Fa/'~ mice. (A) Schematic of plasmid construct pK T2/FAHIL//SB that
contains a transposon with the Caggs promoter driving FAH and luciferase expression, with
the coding sequences linked by an internal ribosome entry site (IRES) from
encephalomyocarditis virus. In addition, a PGK promoter-driven Sleeping Beauty (SB)
transposase transgene is outside of the transposon in the same plasmid. The use of “cis”-type
transposon/transposase vectors has been previously shown to mediate effective gene transfer
in mouse liver.8 (B) Liver tissue was examined for FAH expression 42 days after
repopulation with pKT2/FAHIL-SB (left) or in untreated FAH™~ mice (right). The absolute
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frequency of nodules, reflecting the initial transduction of hepatocytes, was 1.72 + 1.48 x
1074 (~1/5800) for one mouse and 2.32 + 1.86 x 10~4 (~1/4300) for the other. The overall
percentage of tissue expressing FAH was 50% + 13% and 53% + 11%, respectively. This is
similar to the frequency reported previously for FAH™~ mice using a “trans”-type Sleeping
Beauty transposon system.1# (C) Western blot analysis for transgene expression in liver
extracts. The first column is an extract from an Fa/7'~ mouse repopulated using pKT/
FAHIL//SB; the second column is wild-type mouse liver extract; and the third column is
extract from an untreated, £a/'~ mouse. The blot was probed separately with FAH,
luciferase, and actin antibodies. (D, E) Luciferase expression was assayed /n vivo after
injection with the luciferase substrate luciferin and imaging with a CCD camera. Red
indicates regions of highest expression. (D) Fa/i’~ mice treated with pKT2/FAHIL//SB were
evaluated for luciferase expression as the liver repopulated with FAH-transformed liver cells.
The numbers below the mice represent the luciferase signal captured as photons emitted per
second (p/s). (E) Luciferase expression in Fa/r/~ recipients, 9 days after transplantation of
pKT2/FAHIL//SB-transduced hepatocytes. (F) The luciferase signal (y-axis) is plotted
against the number of cells transplanted (x-axis). The best-fit line is shown. (G) Luciferase
signals are plotted over time for five Fa/~ recipient mice transplanted with hepatocytes
from a pKT2/FAHIL//SB-repopulated mouse. The difference in outgrowth among the
recipients reflects a difference in the number of cell doublings (3-10 total) needed to reach
normal liver functional capacity.
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Fig. 2.

Stgble, sequence-specific reduction of target gene expression by shRNA in FAH-repopulated
mice. (A) The vector pKT2/siLucFAH is designed to express a luciferase ShRNA via the U6
promoter, luciferase by SV40 promoter, and FAH by Caggs. The control vector, pKT2/
si*Luc*FAH, is the same as pKT2/siLucFAH except for 11 silent mutations introduced in
the shRNA-targeting region. Free energy for RNA:RNA hybridization was calculated by
mfold.28 The silent changes increase the energy needed for hybridization by more than 26
kcal/mol. (B) A graph of relative luciferase expression (average £ SEM) 2 days after
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transfection of HT1080 human intestinal carcinoma cells with the indicated plasmids. pKT2/
siRvLuc-FAH is designed to express a control sShRNA with the nucleotide sequence of the
Luc shRNA reversed, such that there is no complementarity with luciferase RNA. (C) A
graph of bioluminescence readings in Fa/7/~ mice after coinjection pPGK-SB11 plus either
pKT2/siLucFAH or pKT2/si*Luc*FAH. Representative images of the mice are shown on the
right. Red areas represent highest luciferase expression, yellow second highest, blue
weakest. For both experimental groups there was a relative drop in expression at day 7 after
injection, which likely reflects loss of unintegrated plasmids as the animals experience
tyrosinemia. With pKT2/siLucFAH there was a maintained drop of approximately 90% in
luciferase expression through postinjection day 42 (= 0.004).
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Fig. 3.

M%deling of a dominant protein folding disorder by somatic transgenesis. Repopulation of
FAH-deficient mice with wild-type and Z-mutant hAAT coexpression vectors. (A) The
vector pKT2/FAH-hAAT//SB contains a transposon with an Fah gene controlled by the
SV40 promoter and an hAAT gene with the Caggs promoter, and has an SB transgene
outside of the transposon. The vector pKT2/FAH-Z//SB is the same as pKT2/FAH-hAAT
except for a glutamine-to-lysine substitution at amino acid 342 of the hAAT gene, rendering
the Z mutant allele. (B) Mice were coinjected with plasmid pT2/Caggs-Luc to monitor gene
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transfer. The average luciferase activity (£ SEM) is graphed for the five mice in each group 1
and 30 days after injection of the plasmids. (C, D) Expression of both wt and Z alleles of
hAAT in somatically transgenic livers of Fa//~ mice was assessed at the protein level in
sera (C) and liver extracts (D). (C) Western analysis of FAH and hAAT expression in serum
samples of mice at 1 day, 1 month, and 6 months after injection of plasmids. One microliter
of a 1:50 dilution of serum was loaded into wells. Lane 1 contains 50 ng purified hAAT
protein. Serum from an Fa/’~ mouse repopulated with pKT2/siLucFAH was included as a
control. (D) Western analysis of liver tissue lysates from repopulated mice. Two mice are
analyzed for each treatment. (E) Histological analysis of liver tissue after treatment of Fa//~
mice with pKT2/FAH-hAAT//SB. The first column displays FAH immunofluorescence
(green), the second column is hAAT expression (red), the third column is a merged image of
immunofluorescence, and the fourth column is a PAS-D stain of an adjacent tissue section.
The top row shows sections of liver tissue 10 months after treatment of an Fa/7/~ mouse
with pKT2/FAH-hAAT//SB, the bottom row is 10 months after treatment with pKT2/FAH-
Z/ISB. Single arrowheads illustrate the margins of repopulation nodules. The narrow arrows
mark a PAS-D-positive inclusion with correspondent FAH and hAAT immunofluorescence.
The thick arrows demarcate an area of inflammation with smaller PAS-D-positive
inclusions. Double arrowheads illustrate FAH-positive, hAAT-negative cells. Scale bar
represents 100 um. Nuclei are stained blue using 4”,6-diuamidino-2-phenylindole or
hematoxylin.
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Fig. 4.
Fulminant hepatocellular carcinomas develop in Fa/7/~ mice on coexpression of N-ras and

shRNA targeting p53. (A) The vector pKT2/FAHIL-NRAS contains a transposon with a
bidirectional promoter driving the expression of FAH-IRES-Luciferase and N-ras. The
vector pT2/sh.p53-GFP has a transposon with expression of an sShRNA that targets p53 as
well as a GFP transgene. (B) Luciferase activity was imaged /n vivo at the indicated time
points after injection of pPGK-SB11 plus pKT2/FAHIL-NRAS and pT2/sh.p53-GFP (left)
or pPGK-SB11 plus pKT2/FAHIL-NRAS (right). The images captured at days 1 and 36
postinjection represent a 1-minute exposure, whereas the image at day 70 represents a 1-
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second exposure, reflecting an amplification in luciferase expression from day 1 to day 70.
Note that the expansive abdomen of the second mouse at day 70 is widely expressing
luciferase. (C) At postinjection day 112, mice repopulated with pKT2/FAHIL-NRAS alone
(top left) or with addition of pT2/sh.p53-GFP (top right) were killed and their abdominal
cavity was opened, revealing solitary nodular tumors in the former (arrowhead) and an
expansive, cystic liver tumor in the latter (T). The liver tissue was removed and examined
with a fluorescent microscope, an analysis that revealed that tumor tissue formation is linked
to GFP expression from the construct pT2/sh.p53-GFP. The scale bar represents 0.8 cm. (D)
Histopathological analysis of tumor tissue from an Fa/i/~ mouse injected with pPGK-SB11
plus pKT2/FAHIL-NRAS and pT2/sh.p53-GFP. Hematoxylin-eosin staining (top left) shows
that 80% of the hepatic section is composed of cords of large, pleomorphic, anaplastic tumor
cells indicative of hepatocellular carcinoma (HCC); a small rim of compressed parenchymal
hepatocytes (P) remains adjacent to central vein (CV). Adjacent sections indicate that the
tumor tissue expresses FAH and N-ras, and the nuclear proliferation marker Ki-67 is
intensely expressed by atypical cells (arrowheads). The scale bar represents 100 um. (E)
Semiquantitative reverse transcription PCR analysis of liver tissue from mice 70 days after
injection with pKT2/FAHIL-NRAS and pT2/sh.p53-GFP (first 2 columns) shows expression
of the delivered transgenes N-ras, FAH, and GFP, as well as a reduction in p53 levels. With
pKT2/FAHIL-NRAS only (third and fourth columns), there is expression of N-ras and FAH,
but GFP is not detected and p53 levels are normal. Untreated ~a/i/~ mice (fifth column) do
not express the transgenes. The tumor markers alpha-fetoprotein and osteopontin are
elevated with oncogene coexpression. The same reactions were run using samples not
treated with reverse transcriptase enzyme as a control.
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