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Abstract: Background: The aim of this study is to evaluates the hypothesis that Hh pathway activation occurs in the
Fah”- Nod/Scid mice model and plays a role in regulating liver regeneration after functional human hepatocytes
xenograft. Methods: Fah”- Nod/Scid mice were established in Shandong Cancer Hospital affiliated to Shandong Uni-
versity. Xeno-regeneration of Fah”- Nod/Scid mice livers was then transplanted by human hepatocytes. Hh signaling
pathway associated factors were detected by RT-PCR and western blot. All statistical calculations were carried out
using the SPSS.16.0 software. Results: Fah”- mice were healthy and reproduced normally while treated with NTBC.
NTBC-OFF Fah”- mice with HHT gradually gained weight by six weeks after human hepatocyte transplantation. NTBC-
OFF Fah”- mice causes a progressive increase in ALT, AST, GGT and AP, which were used to monitor hepatocyte
inflammation. However, liver function in NTBC-OFF Fah Fah”- mice with HHT returned to normal. Hedgehog pathway
activation and Hh-target genes were enhanced follows human hepatocytes transplantation which indicated liver
regeneration associated closely with Hh signaling pathway. Moreover, Hh signaling was inhibited by cyclopamine
after HHT. Conclusions: The current study provides novel evidence that Hedgehog signaling pathway regulation is

required for optimal regeneration of NTBC OFF Fah”- mice with HHT.
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Introduction

Fumarylacetoacetate hydrolase gene knockout
mice (Fah’”- mice) have been established as a
model for hereditary tyrosinemia type | (HT1)
disease [1], which is caused by a deficiency of
fumarylacetoacetate hydrolase (FAH), the last
enzyme of the tyrosine catabolic pathway [2, 3].
Meanwhile, since healthy livers have enormous
regenerative capacity, many studies took in-
sight into applying Fah”- mice model in studying
liver damage and regeneration [4, 5].

Lack of FAH produces an accumulation of the
toxic upstream metabolites fumarylacetoace-
tate (FAA), maleylacetoacetate (MAA), and suc-
cinylacetone (SA). FAA is believed to be respon-
sible for the progressive injury to hepatocytes
as it causes chromosomal instability [6, 7], cell
death in animal and cultured cell models of the

disease [8, 9]. NTBC (2-(2-nitro-4-trifluorometh-
yl benzoyl)-1,3-cyclohexanedione), a therapeu-
tic inhibitor of the upstream enzyme 4-hydroxy-
phenylpyruvate dioxygenase (HPPD), prevents
acute liver failure, a major cause of early death
in HT1 patients.

Functional human hepatocytes xenografted
into the liver of mice can be used as a model
system to study pharmacokinetics, liver dam-
age by hepatitis viruses, and the efficacy of
hepatitis vaccines. Recently, robust liver regen-
eration from human hepatocytes was seen in
Fah”Rag2”112rg’- mice [10-12]. However, ma-
intenance of Fah”"Rag2”112rg’- mice during col-
ony breeding, growing and cell transplantation
is difficult, with high mortality rates seen in pre-
vious experiments. Since Fah” Non-obese dia-
betic-SCID (Nod/Scid) mice model was firstly
established by Azuma et al, [10] Fah”- Nod/Scid
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mice are gradually becoming an ideal human-
ized liver model with many applications [13].

Hedgehog (Hh) is a signaling pathway that regu-
lates critical cell fate decisions, including prolif-
eration, apoptosis, migration and differentia-
tion. The pathway plays vital roles in tissue
morphogenesis during fetal development. It
also modulates wound healing responses in a
number of adult tissues, including the liver [14,
15]. Hh signaling is initiated by a family of
ligands (Sonic hedgehog-Shh, Indian hedgehog
-lhh, and Desert hedgehog-Dhh) which interact
with a cell surface receptor (Patched-PTC) that
is expressed on Hh responsive target cells. This
interaction derepresses activity of another mol-
ecule, Smoothened (Smo), and permits the
propagation of intracellular signals that culmi-
nate in the nuclear localization of Glioblastoma
(Gli) family transcription factors (Gli1, Gli2, Gli3)
that regulate the expression of Gli-target gen-
es.

The present study evaluates the hypothesis
that Hh pathway activation occurs in the Fah”
Nod/Scid mice model and plays a role in regu-
lating liver regeneration after functional human
hepatocytes xenograft. Our findings demon-
strate the mechanisms of Hh pathway activa-
tion after human hepatocytes xenograft, and
characterize the effects of Hh-pathway inhibi-
tion on the regenerative process. The results
support our hypothesis and identify Hedgehog
as a major regulator of liver regeneration in the
fah”- knockout mice model xenografted by
human hepatocytes. This, in turn, suggests
that common mechanisms regulate liver growth
during organogenesis and when reconstruction
of adult livers is necessitated by injury.

Materials and methods

Establishment of Fah”- Nod/scid mice and
experimental grouping

Fah** mice, Fah”" mice and Nod/Scid mice
were obtained from Shandong Cancer Hospital
affiliated to Shandong University. All types of
mice were raised in an individual ventilated
cage system in the specific pathogen free grade
animal room in the animal center of Shandong
University. Fah”" mice was crossed with Nod/
Scid mice to establish the Fah” Nod/Scid
mouse strain [16]. PCR-based genotyping for
Fah and SCID was used to determine the geno-
types of the offspring. The method for Fah”
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Nod/Scid mice establishment was according to
the previously published reports [1].

Different types of mice divided into four
groups:1) control untreated fah** mice (n = 10);
2) NTBC-treated Fah” mice (n = 10) were used
to underline cellular features exclusively relat-
ed to NTBC withdrawal; 3) Fah”- mice by NTBC
discontinuation from 1 to 5 weeks (10 mice per
period); 4) Fah”- mice without NTBC and with
human hepatocytes transplantation from 1 to
12 weeks (10 mice per period). All mice were
allowed access to regular rodent food (0.82%
tyrosine, 0.51% phenylalanine, Purina 5075-
U.S, Charles River, Canada) and drinking water,
supplemented with 7.5 mg/I NTBC, pH 7 for the
Fah” strain. Mice were weighed three times a
week, periodically examined for signs of clinical
illness, and treated according to the guidelines
of the Canadian Council on Animal Care (CCAC).

Xeno-regeneration of Fah”- Nod/Scid mice liv-
ers by human hepatocytes

Human liver tissue was provided by Shandong
Cancer Hospital affiliated to Shandong Un-
iversity. The method used to separate human
hepatocytes has been described previously
[17]. 40 Fah”- Nod/Scid mice were chosen for
human hepatocytes transplantation. Seven
days before transplantation, Human hepato-
cytes (1x106) were injected into the spleens of
14 Fah” Nod/Scid mice. Six Fah”- Nod/Scid
mice were injected normal saline as the control
group. Gradual withdrawal of NTBC one week
before transplantation caused liver injury in
Fah” Nod/Scid mice and induced the engraft-
ment of transplanted human hepatocytes. At
the same time, mice were given FK506 to pro-
mote the proliferation of human hepatocytes.
The level of NTBC in the drinking water was
reduced to 50% for 3 d, and further reduced to
25% for 3 d. NTBC was discontinued 2 d before
transplantation. This treatment induced liver
injury ahead of schedule, and promoted the
engraftment and proliferation of the transplant-
ed cells. FK506 (Astellas Ireland Co.; 7.5 pg
mlt) was dissolved in the drinking water and
administered to adult mice to achieve a dose of
1 ug g* body weight per day.

Biochemical analysis of serum in humanized
liver mice

Progression of hepatic damages was evaluated

by changes of alkaline phosphatase, c-glu-
tamyl-transferase and alanine transaminase
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Figure 1. Body and liber weight curves (%) for NTBC-OFF Fah’- mice with or without HHT. Mice were weighed to evalu-

ate general physiological conditions.

(liver), and urea and creatinine (kidneys) in
samples of mice withdrawn from NTBC for dif-
ferent periods of time (1-5 weeks). Levels of bili-
rubin and glucose were also measured.

Real-time quantitative PCR

We typically extracted 2 ug to 9 ug of total RNA,
and 0D260/280 ratios typically ranged from
1.8 to 2.0, indicating high RNA purity. 10 ng of
total RNA was used for each miRNA quantifica-
tion. miRNA detection was performed run on
the Eppendorf Mastercycler EP Gradient S
(Eppendorf, Germany) using commercial assays
(TagMan microRNA assays; Applied Biosystems,
Foster City, CA, USA) for miRNAs. Relative quan-
tification was calculated using 222°, where Ct
is cycle threshold. Normalization was perfor-
med with universal small nuclear RNA U6
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(RNU6B). Each sample was examined in tripli-
cate, and the mean values were calculated.

Western blot

Protein extracts were prepared by whole liver
tissue or primary hepatocytes in RIPA buffer
(RO278; Sigma) and quantified by Pierce BCA
kit. After quantification, equal amounts of pro-
tein were separated by SDS-PAGE and Western
blot analysis was performed. The following anti-
bodies were used: Ptc, Smo, Glil and Gli2 (Cell
Signaling Technology Inc., Beverly, MA), we also
used B-actin as a loading control.

Inhibition of the Hh-pathway

To determine if inhibiting the Hh-pathway al-
tered liver regeneration of Fah”- Nod/Scid mice
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Table 1. Biochemical analysis in blood serum

No. of

Bilirubin

FAH patients  (umol/L) ALT (U/L) AST (U/L)  GGT (U/L) AP (U/L)

Untreated Fah** 10 3.5+0.6 23.5+121 43.1+23.2 3.5+4.2 571+ 15.4
NTBC Fah” 10 43+11 28.7 £17.7 55.8+12.7 47+26 46.7 £ 17.6
NTBC OFF Fah” (1 week) 10 153+26 56.6+13.4 83.5+239 143+78 176.6+278
NTBC OFF Fah”" (3 week) 10 32.7+4.4 167.3+34.2 2154+155 457+6.4 266.9+273
NTBC OFF Fah”" (5 week) 10 76.5+3.8 385.2+21.4 476.7+348 852+79 5125437
NTBC OFF Fah”" with HHT (3 weeks) 10 16.7+2.4 107.3+15.6 157.6+271 452+71 1753+255
NTBC OFF Fah”- with HHT (6 weeks) 10 7.3+21 76.8 + 20.7 85.3+20.5 26.1+8.1 84.5+31.6
NTBC OFF Fah”" with HHT (12 weeks) 10 4.5+ 0.8 43.5+19.8 61.5+14.7 105+6.3 60.7+218

ALT, alanine transaminase; AST, aspartate aminotransferase; GGT, c-glutamyl-transferase; AP, alkaline phosphatase.

xenografted with human hepatocytes, human
hepatocytes transplantation was performed in
an additional 30 Fah”- Nod/Scid mice (10-13-
week old males) that were injected i.p. with
vehicle (olive oil) or cyclopamine (15 mg/kg/
day) 24 h before human hepatocytes transplan-
tation and daily thereafter. Liver remnants and
blood were harvested for subsequent analysis.
In addition to evaluating Hhsignaling, potential
toxic actions of cyclopamine were assessed by
examining liver histology and levels of alani-
ne transaminase; aspartate aminotransferase;
c-glutamyl-transferase; bilirubin and alkaline
phosphatase.

Statistical analysis

All statistical calculations were carried out
using the SPSS.16.0 software. The x? test or
Fisher's exact test were used to compare qu-
alitative variables, while continuous variables
were compared using unpaired, two-tailed St-
udent’s ttest or Mann-Whitney test for vari-
ables with an abnormal distribution. Statistical
significance was determined using one-way
ANOVA. Statistical significance was determined
using Significance was accepted at the 5%
level.

Results

Pathophysiological changes in different types
of mice

Fah’”- mice were healthy and reproduced nor-
mally while treated with NTBC. Once NTBC was
withdrawn, Fah”- mice lost weight gradually and
died of subacute liver failure after 3-6 weeks.
The body weight and liver weight could demon-
strate the liver injury and the pathophysiologi-
cal effect of NTBC. The Fah” mice withdrawn
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from NTBC (NTBC-OFF) are subjected to a
severe loss of total body mass reaching from
100 + 2.5% to 56.8 + 4.8% during 5 weeks
post-withdrawal of NTBC. In contrast, during
the same period, Fah”* and NTBC-treated
Fah”- mice display weight gains of 20.4 + 4.5%
and 16.4 + 5.2%, respectively (Figure 1A). In
the present study, we also found that Fah”
mice withdrawal NTBC and transplanted with
human hepatocytes (NTBC-OFF Fah”- mice with
HHT) gradually gained weight by six weeks after
human hepatocyte transplantation, indicating
recovery of liver function and high levels of li-
ver regeneration in these mice (Figure 1B).
Similarly, the present study showed that liver
weight of NTBC-OFF Fah” mice decreased with
the lapse of time, while, the liver weight of
NTBC-OFF Fah”- mice with HHT increased dur-
ing the same period (Figure 1C, 1D).

Changing trend of liver function of NTBC-OFF
Fah”" mice with HHT

Biochemical measurements of several damage
markersarereportedinTable 1. Discontinuation
of NTBC in Fah”" mice causes a progressive
increase in ALT, AST, GGT and AP, which were
used to monitor hepatocyte inflammation. How-
ever, liver function in NTBC-OFF Fah”- mice with
HHT returned to normal which indicated that
percentage of functional human hepatocytes in
the chimeric liver had exceeded 20%.

Hedgehog pathway activation follows human
hepatocytes transplantation

Hepatic expression of mRNAs that encode Hh
ligands (Indian Hh, Ihh, and Sonic Hh, Shh), the
receptors that repress (Patched, Ptc) or pro-
mote (Smoothened, Smo) Hh signaling, and

Int J Clin Exp Pathol 2017;10(9):9837-9845
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Figure 2. Activation of the Hedgehog pathway after liver xeno-regeneration in Fah’- Nod/Scid mice by human hepa-
tocytes.

Hh-inducibletranscriptionfactors (Glioblastoma tinct time points in NTBC-OFF Fah” mice with
(Gli)1 and Gli2) were evaluated at several dis- HHT. For each gene, results were normalized to
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regeneration period, period of maximal liver cell
regeneration, and post regeneration period
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(Figure 2). HHT of NTBC-OFF Fah’ mice was
accompanied by increased expression of Hh
ligands. mRNA levels of Ihh began to increase
during the pre-regeneration period, remained
at their highest values during the regeneration
period, no declining trend had been showed in

Int J Clin Exp Pathol 2017;10(9):9837-9845
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the post-regeneration period. The relative ab-
undance of Ptc and Smo mRNAs changed after
HHT, such that expression of Smo (the signaling
competent Hh co-receptor) was increasing con-
sistently compared with that of Ptc (the inhibi-
tory Hh receptor) throughout the hepatocyte
proliferation periods. Together with the recipro-
cal changes in mRNA expression of Hh ligand
antagonists and Hh ligands, the predominance
of Smo relative to Ptc suggested that Hh signal-
ing would increase liver regeneration. Changes
in expression of Glil and Gli2 support this
concept.

Hepatocytes cells express Hh-target genes
after HHT

In the groups of untreated Fah** and NTBC-
treated Fah’” mice, Hh-target genes, such as
Glil and Gli2, expressed less in mature human
hepatocytes than those in the groups of NTBC
OFF Fah” mice and NTBC OFF Fah”- mice with
HHT (Figure 3A-C). After further comparison,
NTBC OFF Fah”’- mice with HHT showed signifi-
cant increasing Gli1 and Gli2 expression which
was implicated with Hh signaling pathway acti-
vation and liver regeneration. Meanwhile,
expression of Ptc and Smo showed consistent
tendency compared among different groups
(Figure 3D, 3E).

Hh signaling was inhibited by cyclopamine
after HHT

To determine how Hh-pathway activation im-
pacts regenerative responses HHT, mice were
treated with cyclopamine, a specific Smo an-
tagonist that abrogates Hh signal transduction
[18] or venhicle (olive oil) at the beginning of HHT
(3 weeks) and post-HHT (12 weeks). As expect-
ed, cyclopamine attenuated induction of Glil
and Gli2 mRNAs (Figure 4A, 4B) and proteins
(Figure 4D), and inhibited mRNA/protein ex-
pression of Ptc (Figure 4C, 4D). However, cyclo-
pamine did not prevent induction of Hh ligands
(data not shown).

Discussion

Compared to other vital organs, the adult liver
has tremendous regenerative capacity. Yet,
hepatic regenerative responses are not always
successful because liver injury sometimes
results in progressive damage that leads to cir-
rhosis or cancer [19]. human hepatocytes
engrafted into Fah” Nod/Scid mice were ap-
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plied as a possible model for performing
research on liver regeneration of liver injury
[13, 20]. In the present study, we combined the
advantages of liver regeneration seen in Fah”-
mice with the ease of xenotransplantation seen
in Nod/Scid mice to produce Fah” Nod/Scid
mice by a gradual process of cross-breeding.
After establishment of NTBC-OFF Fah”" mice
with HHT, we demonstrated that the body and
liver weight of NTBC-OFF Fah” mice decre-
ased with the lapse of time, while, the liver
weight of NTBC-OFF Fah”- mice with HHT in-
creased during the same period, which reflect-
ed the extent of liver regeneration from one
side. Besides, compared to mice on NTBC, at
week-5 post-withdrawal, ALT raised to 385.2 +
21.4 U/L (10-fold), AST to 476.7 + 34.8 U/L
(12.3-fold) and GGT to 85.2 + 7.9 U/L (18.5-
fold), suggesting hepatocyte damage and/or
necrosis and extensive liver dysfunction. Bi-
lirubin and alkaline phosphatase (AP) also show
noticeable increases mainly after 2 weeks of
NTBC withdrawal, confirming hepatocellular dy-
sfunction and disruption of hepatobiliary archi-
tecture with local impairment of bile flow [21,
22]. However, after transplanted with human
hepatocytes, the liver function recovered to
normal, which indicated that liver has a strong
compensatory ability and increasing liver regen-
eration level. Moreover, NTBC OFF Fah” mice
with HHT showed significant increasing Glil
and Gli2 expression which was implicated with
Hh signaling pathway activation and liver
regeneration.

Emerging data indicate that hedgehog signal-
ing mediates both adaptive and maladaptive
responses to liver injury, depending upon the
balance between its actions as a regulator of
progenitor cell growth and its ability to promote
liver regeneration [23, 24]. The evidence that
healthy adult livers general lacked of Hh path-
way activity included: firstly, little production of
Hh ligands is demonstrable in healthy adult
liver cells [25, 26]. Secondly, liver sinusoidal
cells strongly express Hip, which interacts with
soluble Hh ligands and prevents them from
engaging Ptc [27, 28]. Thirdly, Hh pathway activ-
ity is progressively silenced during the process
of liver epithelial cell maturation, such that
expression of Ptcl is exponentially lower in
healthy mature hepatocytes than in bipotent
hepatic progenitors [29]. Consistent with these
data, Hh pathway activation in hepatocytes
increased significantly after 70% partial he-
patectomy (PH) which provides a tremendous

Int J Clin Exp Pathol 2017;10(9):9837-9845
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stimulus for liver regeneration [30]. Several key
growth regulators for this process have been
identified, including hepatocyte mitogens, cyto-
kines, pathogen-associated molecular patte-
rn (PAMP) receptors, and intracellular factors
involved in inflammatory and metabolic stress
[30].

This study demonstrated that Hh pathway acti-
vation was critical for liver regeneration to
NTBC OFF Fah”- mice with HHT. Hepatic expres-
sion of MRNAs that encode |hh, and Shh, Ptc or
Smo Hh signaling, Glil and Gli2 were evalu-
ated at several distinct time points in NTBC-
OFF Fah”- mice with HHT. For each gene, results
were normalized to expression in the liver at
the time of NTBC reduced and discontinued for
1 week. The enhancement of these genes illus-
trated the activation of Hh pathway in NTBC
OFF Fah” mice with HHT. After inhibited by
cyclopamine, Hh-target genes Glil and Gli2
mMRNAs and proteins decreased significantly in
NTBC OFF Fah” mice with HHT.

However, many different types of cells that
reside in healthy livers collaborate with one
another to orchestrate effective regeneration.
In order to optimize regeneration in injured liv-
ers, more knowledge is needed about mecha-
nisms that control the growth of hepatocytes
and other liver cell types in adults. More
research is needed to characterize the types of
cells, cell-type specific responses, and particu-
lar aspects of liver reconstruction that are most
dependent upon Hh signaling in order to judge
the potential merits of manipulating Hh path-
way activity to improve adult liver repair.

In conclusion, the current study provides novel
evidence that Hedgehog signaling pathway reg-
ulation is required for optimal regeneration of
NTBC OFF Fah”’- mice with HHT. This discovery
complements growing evidence that Hh signal-
ing guides repair of chronically injured livers,
and is exciting because it suggests that com-
mon mechanisms mediate liver injury. Such
knowledge has important implications for
patients with various types of acute and chron-
ic liver damage.
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