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Genetic fumarylacetoacetate hydrolase (Fah) deficiency is 
unique in that healthy gene-corrected hepatocytes have 
a strong growth advantage and can repopulate the dis-
eased liver. Unfortunately, similar positive selection of 
gene-corrected cells is absent in most inborn errors of liver 
metabolism and it is difficult to reach the cell replacement 
index required for therapeutic benefit. Therefore, meth-
ods to transiently create a growth advantage for geneti-
cally modified hepatocytes in any genetic background 
would be advantageous. To mimic the selective pressure 
of Fah deficiency in normal animals, an efficient in vivo 
small molecule inhibitor of FAH, 4-[(2-carboxyethyl)-
hydroxyphosphinyl]-3-oxobutyrate (CEHPOBA) was 
developed. Microarray analysis demonstrated that phar-
macological inhibition of FAH produced highly similar 
gene expression changes to genetic deficiency. As proof 
of principle, hepatocytes lacking homogentisic acid diox-
ygenase (Hgd) and hence resistant to FAH inhibition were 
transplanted into sex- mismatched wild-type recipients. 
Time course analyses of 4–6 weeks of CEHPOBA admin-
istration after transplantation showed a linear relation-
ship between treatment length and replacement index. 
Compared to controls, recipients treated with the FAH-
inhibitor had 20–100-fold increases in liver repopulation. 
We conclude that pharmacological inhibition of FAH is a 
promising approach to in vivo selection of hepatocytes.
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IntroductIon
Many inborn errors of metabolism are caused by deficiencies in 
hepatic enzymes, thereby making orthotopic liver transplant an 
effective therapy for these conditions.1 However, few patients ben-
efit from this procedure due to the limited availability of donor 
organs, the high cost and significant morbidity and mortality asso-
ciated with the procedure, as well as the long-term requirement 
for immune suppression.2 Most pediatric metabolic diseases are 

caused by a specific loss-of-function in only hepatocytes with oth-
erwise normal liver anatomy. Thus, whole organ transplant is often 
unnecessary and restoration of enzymatic function through gene 
therapy or hepatocyte replacement would be more appropriate.

Hepatocyte transplantation is easily studied in animal models, 
including the murine models of the metabolic disease hereditary 
tyrosinemia type I (HTI). HTI is a tyrosine catabolism disorder 
caused by deficiency of fumarylacetoacetate hydrolase (Fah), the 
terminal enzyme in the pathway, which causes progressive liver 
disease and renal tubular dysfunction.3 In both HTI patients 
and Fah–/– mice, the hepatotoxin fumarylacetoacetate (FAA) and 
subsequent metabolites accumulate, causing cell cycle arrest and 
death in a cell-autonomous manner.3 Treatment with 2-(2-nitro-
4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC), an 
inhibitor that blocks the 4-hydroxyphenylpyruvate dioxygenase 
enzyme upstream of FAH, prevents FAA accumulation and res-
cues the phenotype.4 FAH+ cells have a strong selective advan-
tage in an HTI liver that can be exploited in patients and animal 
models in vivo.5 Indeed, many patients with HTI have a somatic 
mosaic liver consisting of both FAH+ and FAH– hepatic tissue. 
These FAH+ nodules are generated by somatic reversion of the 
disease causing inherited mutation followed by clonal selection of 
reverted hepatocytes.6 The growth advantage of FAH-expressing 
cells in this system has been extensively utilized to select for hepa-
tocytes modified by gene therapy including retroviral vectors,5 
adenoviral vectors,7 adeno-associated virus,8 sleeping beauty 
transposase,9 and phiC31-integrase.10

To achieve therapeutic liver repopulation outside the context 
of the Fah–/– mouse for use in metabolic selection studies during 
cell transplantation, we previously generated a small molecule 
inhibitor of FAH, 4-[(2-carboxyethyl)-hydroxyphosphinyl]-3-
 oxobutyrate (CEHPOBA).11 CEHPOBA is a transition state 
 analogue of the enzyme’s substrate FAA and works at nanomo-
lar concentrations with favorable kinetics (i.e., a long half-life 
that permits once daily administration). The Km of FAH for FAA 
is 3.5 μmol/l and the Ki of CEHPOBA is only 41 nmol/l. In addi-
tion, the crystal structure of FAH with CEHPOBA bound to the 
enzyme active site has been determined.12
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Here we tested whether chronic CEHPOBA administration 
could select genetically resistant hepatocytes in wild-type mice 
in vivo. As proof of principle, Hgd–/– hepatocytes were used for trans-
plantation because they are unable to convert tyrosine to FAA.13

results
ceHPoBA administration efficiently blocks FAH 
enzyme activity in wild-type mice
In order to determine whether CEHPOBA could be used for 
long-term in vivo inhibition of FAH, several functional assays 
were performed. First, its effects were confirmed in an in vitro 
enzyme assay. Livers from wild-type mice were homogenized 
and FAH activity was measured with and without CEHPOBA 
added (Figure 1a). Untreated wild-type liver extracts had normal 
FAH enzyme activity, but the addition of the inhibitor completely 
blocked the  degradation of FAA as expected. Next, we wished to 
determine how long the effect of a single injection of CEHPOBA 
would last in vivo. Wild-type mice were administered a single 
1-µmol/g dose of CEHPOBA by intraperitoneal (i.p.) injection 
and the livers were harvested at various time points following 
treatment (Figure 1b). Hepatic FAH enzyme activity dropped 
precipitously immediately after administration of CEHPOBA, but 
the maximum inhibitory effect was seen after 4-hour. Reduced 
FAH activity levels were maintained for at least 72-hour. While 
the short-term effects of CEHPOBA were promising, the effects 
of its chronic administration were unknown. In order to be useful 
for selection, the effects of long-term dosing should closely mimic 
those of genetic Fah deficiency. To address this point, we per-
formed microarray analysis on the livers of wild-type mice treated 

with CEHPOBA for 2 weeks and compared the patterns to Fah–/– 
mice. Four treatment cohorts of two mice each were assayed for 
differences in hepatic gene expression: Fah–/– mice off NTBC for 
2 weeks to induce the gene expression changes typical of genetic 
HTI,14 Fah–/– mice kept on NTBC and thus protected from HTI-
related damage, control untreated wild-type mice, and wild-type 
mice given daily CEHPOBA injections for 2 weeks. Livers were 
harvested from all eight mice and the labeled cRNA was ana-
lyzed by microarray. Gratifyingly, we found that just 2 weeks of 
CEHPOBA administration resulted in a gene expression pattern 
very similar to genetic Fah deficiency. Both CEHPOBA treatment 
and Fah deficiency resulted in massive changes to hepatic gene 
expression with considerable overlap (>80%) in the genes that 
were up- and downregulated. Cluster analysis clearly indicated 
that wild-type mice treated with CEHPOBA were most similar 

Figure 1 Fumarylacetoacetate hydrolase (FAH) enzyme assay confirms 
4-[(2-carboxyethyl)-hydroxyphosphinyl]-3-oxobutyrate (ceHPoBA) 
function both in vitro and in vivo. (a) Livers from adult wild-type mice 
analyzed for levels of FAH enzyme activity with and without CEHPOBA 
in vitro. Cytosolic liver homogenate was incubated with fumarylacetoac-
etate substrate and the rate of disappearance was measured spectropho-
tometrically. FAA degradation was blocked by CEHPOBA. (b) Wild-type 
mice were treated with a single injection of CEHPOBA at 1-µmole/g and 
the liver was assayed for the remaining FAH enzymatic activity.
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Figure 2 Microarray gene expression data illustrate the simi-
larities between tyrosinemic mice and 4-[(2-carboxyethyl)-
hydroxyphosphinyl]-3-oxobutyrate (ceHPoBA)-treated wild-type 
mice. (a) Microarray cluster analysis and (b) heat map comparing cohorts 
of Fah–/– mice on 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexane-
dione (NTBC) for 2 weeks, Fah–/– mice off NTBC for 2 weeks, untreated 
wild-type mice and wild-type mice treated with CEHPOBA daily for 
2 weeks. Green = upregulated; red = downregulated relative to the control 
cohort of Fah–/– mice on NTBC. FAH, fumarylacetoacetate hydrolase.
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in hepatic gene expression to tyrosinemic Fah–/– mice off NTBC 
(Figure 2a). The heat map illustrates the levels of similarity and 
difference between the four treatment cohorts (Figure 2b). Several 
key genes affected by tyrosinemia were confirmed by quantitative 
PCR (Supplementary Table S1).

HTI patients and Fah–/– mice have a characteristic hepatic gene 
expression profile off NTBC.14 Notably, Fah expression is completely 
absent, cAMP-inducible genes (Tat, Pck1) are down-regulated along 
with urea cycle enzymes (Ass1, Otc), whereas prominent up-regu-
lation is seen in genes for DNA damage (Ddit3), oxidative damage 
(Nqo-1), and liver proliferation (Afp). Importantly, wild-type mice 
given a 2-week course of CEHPOBA mimicked these prototypical 
gene expression changes (Table 1). In addition, p21 was upregu-
lated, and it is known from other work that p21 is crucial for block-
ing hepatocyte cell division in Fah–/– mice15 and thus essential for 
the growth advantage of transplanted cells. Untransplanted control 
mice treated with only daily CEHPOBA for 2 weeks were unable to 
compensate for a 2/3 partial hepatectomy for >48-hour, indicating 
impaired cell proliferation (data not shown). Overall, chronic daily 
administration of a single dose of CEHPOBA resulted in a highly 
similar gene expression pattern to that seen in severe genetic Fah 
deficiency. This regimen therefore appeared suitable for the pur-
pose of achieving in vivo growth selection of hepatocytes.

ceHPoBA selects for transplanted Hgd–/– hepatocytes 
in wild-type mice in vivo
To test the principle of transient pharmacological FAH deficiency 
to provide positive selection in an otherwise nonselective set-
ting, the following in vivo experiment was devised. Adult female 

 wild-type mice (Fah+/+) were transplanted with hepatocytes 
from male Hgd–/– donors and given a 4-6 week course of daily 
CEHPOBA injections. HGD is the third enzyme in the tyrosine 
catabolic pathway and its deficiency causes alkaptonuria, a con-
dition that lacks any liver disease.3 Previous work has shown that 
Hgd–/– hepatocytes are protected from FAH-deficiency and are 
positively selected in the Fah–/– mouse model in vivo.13 Hgd–/– cells 
cannot convert tyrosine to the hepatotoxic substrate FAA. We 
hypothesized that CEHPOBA treatment would render both host 
and donor hepatocytes FAH deficient, resulting in the accumula-
tion of FAA in the host wild-type hepatocytes and producing cell-
cycle arrest. In contrast, Hgd–/– cells would be protected and be able 
to proliferate normally, providing them with a selective advantage. 
The donor contribution over time was quantitated using quantita-
tive PCR for the Y-chromosome. As expected, donor hepatocytes 
were strongly selected when transplanted into genetically defective 
Fah–/– mice (data not shown). Hgd–/– hepatocytes were also selected 
in CEHPOBA-treated wild-type mice. The time course analysis 
demonstrated a linear relationship between the length of treatment 
and degree of repopulation. Compared to controls receiving trans-
plant alone, CEHPOBA-treated transplant recipients had 20–100-
fold increases in the degree of repopulation (Figure 3) as measured 
by percent Y-chromosome positivity by quantitative PCR.

To ensure that results were not due to an immune-mediated 
factor, given that the Hgd–/– donor hepatocytes were derived 
from a mixed strain background, we repeated the experiment 
using immune-deficient NSG recipient mice. Female NSG 
recipients were transplanted with Hgd–/– donor hepatocytes and 
given a 3-week course of daily CEHPOBA. Compared to con-
trols receiving transplant alone, CEHPOBA-treated transplant 
recipients again had a near tenfold increase in the degree of 
repopulation as measured by percent Y-chromosome positiv-
ity by quantitative PCR (Supplementary Table S2). This indi-
cated that no immune-mediated factor was involved in the 
donor cell selection. To validate the PCR results by a different 
method, Y-chromosome FISH was also performed. Figure 4 
shows representative Y chromosome FISH in control mice (male 
XY, female XX) (Figure 4a,c), CEHPOBA-treated transplanted 
NSG mice (female XX) (Figure 4b), and untreated transplanted 

table 1 effects of ceHPoBA treatment on liver gene expression

Gene symbol

Wt ceHPoBA-
treated vs. 

Fah–/– on ntBc

ceHPoBA-
treated vs. 

untreated Wt

Fumarylacetoacetate 
hydrolase

Fah –1.97 –1.53

Tyrosine aminotransferase Tat –4.68 –8.43

Hydroxyphenylpyruvic acid 
dioxygenase

Hpd –1.51 –1.55

Phosphoenolpyruvate 
carboxykinase 1

Pck1 –2.26 –3.77

Ornithine transcarbamylase Otc –3.47 –1.90

Argininosuccinate 
synthetase 1

Ass1 –2.21 –2.55

DNA damage inducible 
transcript 3

Ddit3 1.21 1.66

NADPH dehydrogenase, 
quinone 1

Nqo-1 2.02 14.40

α-Fetoprotein Afp 9.84 102.77

Cyclin-dependent kinase 
inhibitor 1A

Cdkn1a 4.76 4.50

Glutathione S-transferase 
alpha 1

Gsta1 1.73 2.37

Abbreviations: CEHPOBA, 4-[(2-carboxyethyl)-hydroxyphosphinyl]-3-oxobutyrate; 
NTBC, 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione.
Genes that are similarly regulated in wild-type mice treated with CEHPOBA and 
either Fah–/– mice on NTBC or untreated wild-type mice. Values represent fold 
change.

Figure 3 Kinetics of liver repopulation. The percentage of 
Y- chromosome donor marker was quantified by quantitative PCR (qPCR) 
from wild-type mice transplanted (Tx) with Hgd–/– hepatocytes, with or 
without a 4-6 week course of 4-[(2-carboxyethyl)-hydroxyphosphinyl]-
3-oxobutyrate (CEHPOBA). Mean ± SD are shown, with the number of 
independent animals analyzed above each bar. Black, Tx alone; white, 
Tx+ CEHPOBA.
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NSG mice (female XX) (Figure 4d). Significant numbers of 
Y-chromosome positive hepatocytes could only be found in 
those transplant recipients who also received CEHPOBA treat-
ment (Supplementary Table S2).

ceHPoBA treatment leaves no permanent hepatic 
or renal injury
For a hepatic selection protocol to have any clinical potential, it 
should induce no lasting tissue damage/injury. In order to deter-
mine whether CEHPOBA was safe in this regard, chronically (6 
weeks) drug-treated mice were analyzed 1 week after cessation 
of the injections. Histological analysis of inhibitor-treated mice 
(Figure 4e,f) showed a lack of permanent damage from CEHPOBA 
in both the liver and kidney. Serology and urinalysis to examine 

potential hepatorenal toxicity demonstrated that the engrafted 
hepatocytes could function and that CEHPOBA treatment lacked 
detectable long-term toxicity (Table 2). Additionally, two control 
nontransplanted mice treated with 2-weeks of CEHPOBA were 
monitored for 8 months and no evidence of hepatocellular carci-
noma was found by pathological analysis (data not shown).

dIscussIon
Clinical hepatocyte transplantation has many advantages over 
that of the whole organ:16 (i) the procedure is less invasive; (ii) cells 
from a single donor liver could be used for multiple recipients; 
(iii) human hepatocytes can be farmed in mice providing a con-
stant reliable source of transplantable hepatocytes;17 (iv) hepato-
cytes can be cryopreserved with little loss in viability; and (v) cell 
suspensions may be less likely to induce an immune response than 
whole organs. In addition, cell transplantation can be achieved 
using the patient’s own cells, whereby the cells are removed from 
the body, genetically manipulated, and then transplanted back 
into the patient’s liver.18 Similarly, gene therapy directed at the 
liver has great potential for inborn errors of metabolism and could 
replace orthotopic transplantation for these disorders. For these 
approaches to be clinically successful, however, a critical percent-
age of host hepatocytes must be replaced or gene-corrected. This 
therapeutic threshold varies between different disorders and can 
be as low as 2% in the hemophilias19 and as high as 50% in the 
urea cycle disorders.20 In unmodified hepatocyte transplantation, 
replacement indices are well below 1%,21 and in gene therapy, very 
high vector doses are required to achieve transduction of high 
percentages of hepatocytes.22 rAAV vectors are currently the most 
promising for hepatic gene therapy,23 but this system has the addi-
tional problem that most of the rAAV remains episomal and is 
predicted to be lost over time.

The current disadvantages of cell and gene therapy for genetic 
liver diseases could be overcome if the healthy hepatocytes could 
be positively selected in vivo. A natural selective advantage exists 
in a subset of these disorders including HTI, Wilson’s disease,24 
progressive familial intrahepatic cholestasis25 and α1-antitrypsin 
deficiency.26 These examples clearly demonstrate that high lev-
els of liver reconstitution can be achieved starting with very low 
numbers of gene-corrected cells. For bone marrow transplanta-
tion, conditioning regimens have been developed which permit a 
low number of transplanted donor cells to reconstitute the entire 
hematopoietic system. Several attempts have been made to develop 
similar regimens for the liver. Traditional hepatocyte-specific con-
ditioning regimens such as acetaminophen, galactosamine, car-
bon tetrachloride, thioacetamide and Amanita mushroom poison 
do not work because they all cause severe acute hepatic failure.27 
Successful liver repopulation takes weeks to months to achieve and 
patients simply cannot survive without hepatocellular function for 
this duration. Other more hepatocyte-specific conditioning regi-
mens such as retrorsine, monocrotaline, and other pyrrolizidine 
alkaloids are useful in that they maintain sufficient liver function 
during conditioning, yet their potent DNA-damage and hepato-
carcinogenicity render them inappropriate for the clinic.28

Recently, local hepatic irradiation has shown some potential 
for conditioning before hepatocyte transplantation.29 However, 
this approach requires pre-treatment of the host and is not suitable 

Figure 4 chromosomal and immunohistochemical staining of the 
liver. (a) Control Y-chromosome FISH in an untreated male wild-type 
mouse (blue, DAPI; pink, Y chromosome with white arrows to high-
light Y-chromosome positive nuclei); (b) Y-chromosome stain from a 
female NSG mouse transplanted with male Hgd–/– hepatocytes and a 5 
week course of 4-[(2-carboxyethyl)-hydroxyphosphinyl]-3-oxobutyrate 
(CEHPOBA); (c) control Y-chromosome FISH in an untreated female 
wild-type mouse; (d) Y-chromosome stain from a female NSG mouse 
transplanted with male Hgd–/– hepatocytes; (e) Hematoxylin and eosin 
(H&E) stain of liver from a female NSG mouse transplanted with male 
Hgd–/– hepatocytes and treated with a 5-week course of CEHPOBA; the 
liver architecture is normal; (f) H&E stain of kidney from a treated with a 
5 week course of CEHPOBA; the kidney architecture is normal.
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to selection in the context of in vivo gene therapy. An ideal in vivo 
hepatocyte selection system would involve a liver-specific toxin 
in combination with a protective genetic element. Such combina-
tions have been described for both the hepatic and hematopoi-
etic systems. The work of several groups (reviewed in ref. 30) has 
shown that genetic modifications to the DNA repair gene methyl-
guanine methyltransferase (Mgmt) allows for genetic resistance to 
the chemotherapeutic O6-benzylguanine (O6BG). The combined 
approach of transducing bone marrow with a O6BG-resistant 
MGMT variant by retrovirus and then treating the O6BG-
sensitive tumor to inhibit its wild-type MGMT activity, showed 
increases in the therapeutic index in mouse tumor xenograft mod-
els.31 Similarly, a study by Mitchell et al in 2000 elegantly showed 
the ability to selectively repopulate an apolipoprotein-E-deficient 
mouse liver using antiapoptotic protection with transgenic Fas/
CD95-resistant hepatocytes expressing apolipoprotein-E.32 Daily 
injections of nonlethal doses of Jo2 antibody (a Fas agonist) pro-
vided a selective advantage for donor hepatocytes and resulted in 
normalization of the hypercholesterolemia and atherosclerosis in 
the mice. However, the use of an anti-apoptotic and cancer caus-
ing Bcl2 transgene in this system limits its clinical potential.

The tyrosine catabolic pathway is highly conserved in mam-
mals and represents an intriguing target for the development of 

a drug-resistance gene system analogous to the O6BG/Mgmt 
combination. Genetic and pharmacologic studies have shown 
that deficiency of either Hpd33 or Hgd13 completely protects hepa-
tocytes from FAH deficiency. In fact, pharmacological inhibition 
of Hpd is the basis for the US Food and Drug Administration-
approved treatment of human HTI with NTBC.14 Here we show 
the successful development of a FAH-inhibitor that can achieve 
drug-induced transient HTI. In our current proof-of-principle 
study, we used Hgd–/– hepatocytes that are genetically resistant to 
FAH deficiency. The next step will be to test gene cassettes that can 
inhibit tyrosine catabolic enzymes upstream of Fah, i.e., tyrosine 
amino transferase (Tat), Hpd or Hgd. This could be achieved by 
short hairpin RNA-mediated knockdown of one or more of these 
genes. Short hairpin RNA vectors have successfully been used in 
the liver on numerous occasions.34,35

How safe would this approach be in humans? Most human 
HTI patients experience extended periods (weeks to years) with-
out therapy prior to diagnosis. The effects of FAH deficiency are 
fully reversible if NTBC is started before 6 months of age and no 
tumor development has been observed in this group.36 Thus, short-
term use of pharmacological FAH inhibitors like CEHPOBA has 
clinical potential and more detailed toxicology studies of the com-
pound should be conducted in the future.

table 2 Measures of functional restoration after cessation of ceHPoBA treatment

 unit Fah–/– off ntBc Fah–/– on ntBc
Wt tx + 3-day  

ceHPoBA
Wt tx + 5 weeks  

ceHPoBA

Bilirubin mg/dl  3.1 ± 1.1 0.1 ± 0 0.4 ± 0.2  0.3 ± 0.1

AST U/I 308 ± 98 109 ± 52 69 ± 28  99 ± 22

ALT U/I 236 ± 88 65 ± 52 85 ± 60 43 ± 0

Tyrosine µmol/mmol 1,112 97 14.03 6.3

Methionine µmol/mmol 216  9.9 16.38 36.4

Phenylalanine µmol/mmol  26.6 4  5.13 0

Alanine µmol/mmol 161 18.8 27.45 18.2

Lysine µmol/mmol 162 23.6  7.83 4.8

Glycine µmol/mmol 475 61.6  1.15 0

Histidine µmol/mmol 959 10 18.62 17.1

Asparagine µmol/mmol 104 11.8 24.80 9.3

Serine µmol/mmol 250  7.6  3.57 0.9

Leucine µmol/mmol  35.1  4.2  7.91 4.0

Isoleucine µmol/mmol 22.3  1.6  2.81 1.4

Arginine µmol/mmol 103.7 0 84.92 111

Glutamine µmol/mmol 2,369 37 0 0

Citrulline µmol/mmol  15.3  3.2  6.05 5.8

Glutamic acid µmol/mmol  23.5  4.6  7.16 5.3

Ornithine µmol/mmol  25.7 43.7  11.97 8

Creatinine mg/dl  49.0 99.0 69.3 44.9

Succinylacetone µg/mg  45.7 <2 <3 <9

Homogentisic acid µg/mg 0 0 0 0

Abbreviations: CEHPOBA, 4-[(2-carboxyethyl)-hydroxyphosphinyl]-3-oxobutyrate; NTBC, 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione.
Values represent mean from untreated Fah–/– mice off NTBC (n = 4), untreated Fah–/– mice on NTBC (n = 3), NSG mice tx’d with Hgd–/– hepatocytes and CEHPOBA 
treated for 3 days (n = 3), NSG mice tx’d with Hgd–/– hepatocytes and CEHPOBA treated for 5 weeks (n = 3, 7 days after CEHPOBA was stopped). Urine tests: all amino 
acids, succinylacetone and homogentisic acid. s.d. values were not possible as urine was pooled from mice in each treatment cohort to reach testable volumes. Results 
were normalized to creatinine excretion. Serum tests: Bilirubin, aspartate aminotransferase (AST), alanine aminotransferase (ALT). SD values are shown.
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MAterIAls And MetHods
Mouse strains and animal husbandry. Mouse strains used were C57BL/6J 
and NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ37 (herein referred to as WT and 
NSG mice, respectively) available from Jackson Labs (Bar Harbor, ME), 
FahΔexon5/FahΔexon5 (herein referred to as Fah–/– mice38) backcrossed ten gen-
erations onto a C57BL/6J background, and Hgdaku/Hgdaku (herein referred 
to as Hgd–/– mice39) on a mixed 129/Sv.C57BL/6J.NB background. All mice 
described were maintained on irradiated high fat low protein mouse chow 
(Lab Diet, Brentwood, MO, Cat# Picolab 5LJ5) ad libitum to decrease flux 
through the tyrosine pathway. NSG mice are immune-compromised and so 
were maintained on a rotating biweekly water schedule to prevent growth 
of various bacterial species. Beginning on the day of transplantation, NSG 
mice were maintained on 1 week of acidified water to prevent the growth 
of Pseudomonas aeruginosa. The following week, NSG mice were switched 
to 1 week of 8-mg/l SMX-TMP water (supplemented with 0.7 mol/l dex-
trose for palatability) for broad-spectrum bacterial protection. Fah–/– mice 
are maintained on 4-mg/l NTBC water as described.40 The Institutional 
Animal Care & Use Committee of Oregon Health & Science University 
approved all mouse procedures.

CEHPOBA. CEHPOBA was synthesized and purified at the Arthur F. Scott 
Laboratory of Chemistry at Reed College as previously described.11 All 
mice were given CEHPOBA at 1-µmol/g of a 0.22 mol/l stock solution by 
i.p. injection. CEHPOBA stocks were solubilized in sterile water, pH 7.8, 
and stored at –80 °C until use. Detailed pharmacokinetic data11 and crystal 
structures12 were described previously.

Hepatocyte transplantation. Donor hepatocytes were acquired from male 
Hgd–/– mice by collagenase liver perfusion as described,41 and 4.5 × 105 
hepatocytes were transplanted into female NSG, WT, or Fah–/– recipients by 
intrasplenic injection as described.42 Pre- and postsurgical pharmacologics 
were administered as follows: ceftiofur (broad-spectrum cephalosporin 
antibiotic) was given at 4-mg/kg by i.p. injection immediately prior to sur-
gery and for two days following surgery; anakinra (anti-inflammatory IL-1 
receptor antagonist) was given at 75-mg/kg by intrasplenic injection with 
the cells at transplant and by i.p. injection 2 days postsurgery. CEHPOBA 
injections, if administered, began 3 days following transplant to allow mice 
to recover from surgery prior to selection. When mice receiving CEHPOBA 
lost >20% of their pretransplant weight, treatment was suspended for 3–7 
days to allow mice to recover before further selection began. All Hgd–/– 
hepatocyte preparations were verified by transplantation into Fah–/– mice 
to ensure viability and engraftability. Procedures for 2/3 partial hepatec-
tomy were performed as described.43

FAH enzyme assay. Livers of treated mice were harvested and snap frozen 
in liquid nitrogen until the assay was performed. Cytosolic liver homoge-
nate was incubated with 250-µmol/l FAA substrate and the rate of disap-
pearance was measured spectrophotometrically at 330-nm as described.17 
Livers from untreated wild-type and Fah–/– mice were used for positive and 
negative assay controls.

Liver immunohistochemistry. In all experimental mice, a minimum of two 
liver sections from varying depths and randomly selected liver lobes were 
analyzed for Y-chromosome positivity and structural integrity by hema-
toxylin and eosin. Mouse Y chromosome FISH was performed on 4-μm 
paraffin sections using a Cy-3 labeled mouse Y-IDetect paint (ID Labs, 
Ontario, Canada) and counter-stained with DAPI (Abbott Molecular, Des 
Plaines, IL). Deparaffinization of paraffin slides was performed using the 
Vysis Paraffin Pretreatment Reagent Kit II (Abbott Molecular) using the 
VP2000 Automated Processor (Abbott Molecular) according to manufac-
turer’s instructions. After these treatments, hybridization, washing, and 
counterstaining were performed according to the FISH probe manufac-
turer’s instructions. Fluorescence was visualized on a CytoVysion image 
capture system (Applied Imaging, San Jose, CA) with a Nikon E800 

microscope (Nikon, Melville, NY). Hematoxylin and eosin staining was 
completed as described,44 and hematoxylin and eosin images were taken 
on a DM IL LED microscope (Leica, Buffalo Grove, IL) using Leica LAS 
Image Analysis Software.

Biochemical parameters. Sterile urine was collected by cystocentesis at 
time of harvest. Quantitative urine amino acids were analyzed on a Waters 
ACQUITY UPLC using the Waters MassTrak Amino Acid Analysis 
System as described.45 Quantitative measurements of the urine organic 
acids succinylacetone and homogentisic acid were measured by trimeth-
ylsilyl derivatization followed by gas chromatography-mass spectrometry 
as described.46 The lowest limit of detection for HGA was 40-µg/mg crea-
tinine. All urine parameters were normalized to creatinine excretion using 
the DetectX Urinary Creatinine Detection Kit Catalog #K002-H1 (Arbor 
Assays, Ann Arbor, MI). Blood for serology was collected by terminal car-
diac puncture at time of harvest. Serum measurements of total bilirubin 
and transaminases were performed as described.14

Statistical analysis. Statistical analyses were conducted with GraphPad 
Prism software v.4.0 (GraphPad, San Diego, CA). Experimental differences 
were evaluated by Student two-tailed t-test assuming equal variance. P val-
ues <0.05 were considered statistically significant.

Y chromosome q-PCR. Total DNA was isolated from randomly  dissected 
liver tissue with a MasterPure DNA Purification kit (Epicentre, Madison, 
WI). Genomic DNA (100-ng) was subjected to a two-step PCR amplification 
under the following conditions: 1 cycle 95 °C 3 minutes; 45 cycles 95 °C 15 sec-
onds and 68 °C 40 seconds. Primers: Y-chr F: 5′-TCCTTGGGCTCTTCATT 
ATTCTTAAC-3′; Y-chr R: 5′-GAGAACCACGTTGGTTTGAGATG-3′; Actb 
F: 5′-AGAGGGAAATC GTGCGTGAC-3′; Actb R: 5′-CAATAGTGATGA 
CCTGGCCGT-3′. Dilutions of male genomic DNA into female genomic 
DNA were used to generate the standard curve. Results were normalized 
to β-actin expression. PCR was performed on an iQ5 Multicolor Real-Time 
PCR (Bio-Rad, Hercules, CA), using iQ5 Standard Edition Software, v.2.0.

Microarray analysis. The four treatment cohorts analyzed were Fah–/– on 
NTBC for 2 weeks, Fah–/– off NTBC for 2 weeks, untreated wild-type mice 
and wild-type mice treated with CEHPOBA daily for 2 weeks. Amplified 
cDNA was prepared from RNA from two mice in each cohort using the 
WT-Ovation Pico Amplification system (NuGEN Technologies, San Carlos, 
CA). Labeled target cRNA was prepared from total RNA from two mice in 
each cohort using the AMC One Cycle cDNA IVT Amplification/Labeling 
Kit (Affymetrix, Santa Clara, CA). Labeled samples were hybridized over-
night to a Mouse Genome 430 2.0 GeneChip Array (Affymetrix). Arrays 
were washed, scanned, and median intensities of each element on the array 
were captured with Affymetrix GCOS software v.1.2. Quality control diag-
nostic plots were prepared for each array, and those failing to exhibit high-
quality hybridizations were excluded. Microarray assays were performed 
in the Affymetrix Microarray Core of the OHSU Gene Microarray Shared 
Resource (Portland, OR). For statistical analysis, CEL files were processed 
with the RMA method47 in the Affymetrix Bioconductor package. Statistics 
were applied using false discovery rate48 adjusted P values from an empirical 
Bayes49 moderated t-test. The adjusted P value (q-Val) threshold used was 
0.01 and the fold change threshold used was 2.0.50

suPPleMentArY MAterIAl
Table S1. Confirmatory qPCR for several key genes from microarray 
results.
Table S2. Y-chromosome qPCR and FISH results in immune-deficient 
recipients.
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