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a b s t r a c t

Severely immunodeficient NOD/Shi-scid IL2Rgnull (NOG) mice are used as recipients for human tissue
transplantation, which produces chimeric mice with various types of human tissue. NOG mice expressing
transgenic urokinase-type plasminogen activator in the liver (uPA-NOG) were produced. Human hepato-
cytes injected into uPA-NOG mice repopulated the recipient livers with human cells. The uPA-NOG model
has several advantages over previously produced chimeric mouse models of human liver: (1) the severely
immunodeficient NOG background enables higher xenogeneic cell engraftment; (2) the absence of neo-
natal lethality enables mating of homozygotes, which increased the efficacy of homozygote production;
and (3) donor xenogeneic human hepatocytes could be readily transplanted into young uPA-NOG mice,
which provide easier surgical manipulation and improved recipient survival.

� 2008 Elsevier Inc. All rights reserved.
The metabolism of xenobiotic compounds, including medicinal enzymes have been expressed as transgenes in mice. For example,

drugs, predominantly occurs in the liver. Due to the significant in-
ter-species differences in many liver enzymes that mediate drug
metabolism, the metabolism of candidate pharmaceuticals is usu-
ally initially evaluated in vitro using human cells or cell extracts
[1,2] or in vivo in rodent models. Although in vivo pharmacokinetic
studies are routinely performed in experimental animal models,
significant inter-species differences in drug metabolism limit their
ability to predict human drug metabolism. There are many exam-
ples where the findings from rodent models do not extrapolate to
man. In vitro studies using transformed human hepatic cells, hu-
man hepatocytes or human hepatocyte extracts have also been
used to predict human drug metabolism. Although they utilize hu-
man cells, in vitro systems have a very limited ability to predict hu-
man drug metabolism in vivo. Drug-induced alterations of the level
of expression of drug metabolizing enzymes, which is a common
problem in clinical medicine, does not occur in the in vitro extracts.
In addition, the pattern of expression of drug metabolizing en-
zymes is altered within a very short time period after hepatocytes
are cultured in vitro (reviewed in [2]). Human drug metabolizing
ll rights reserved.
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a mouse expressing a human CYP2D6 transgene in liver had a hu-
man-specific profile of metabolism of a test substrate [3]. However,
transgenic expression of one or a few human enzymes in mouse li-
ver does not represent the biotransformation capabilities of human
liver.

To overcome the limitations associated with currently used
in vitro and in vivo experimental methods for studying drug metab-
olism and toxicity, investigators have utilized several different
methods for producing chimeric mice with artificial human livers.
Historically, chimeric mice have been generated by introducing
human tissues or cells into immune deficient SCID mice, which
have an inactivating mutation in the catalytic subunit of the
DNA-dependent protein kinase (Prkdcscid, known as the scid muta-
tion). Ralph Brinster and colleagues demonstrated that transgenic
expression of urokinase-type plasminogen activator (AL-uPA)
within mouse liver directed by an albumin promoter caused pro-
gressive damage to liver parenchymal cells [4,5]. The mice usually
died within weeks due to progressive liver failure. Although the
mechanism of hepatic cell destruction has not fully characterized
in detail; uPA regulates the activation of plasminogen, which con-
trols the activation of matrix metalloproteinases that are critical
for liver cell growth (reviewed in [6]). In addition, the livers in sur-
viving mice are replaced at 8–12 weeks of age by nodular growths
that have deleted the transgene. In an elegant series of experi-
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ments, investigators showed that the AL-uPA mice could be res-
cued from liver failure by transplant of congenic or xenogenic
hepatocytes [7–10]. Other investigators subsequently demon-
strated that immunocompromised (recombinant activation
gene-2; RAG-2 deficient or SCID mutation) mice expressing this
transgene could be partially repopulated (�15%) with human
hepatocytes [9,10].

Recently, we developed NOD/Shi-scid IL2Rgnull (NOG) mice by
crossing IL-2 receptor gamma chain-deficient (IL2Rgnull) mice
[11] with NOD/Shi-scid mice [12]. NOG mice lack T and B lympho-
cytes and natural killer (NK) cells, and they have impaired
dendritic cell function [13–15]. Because of their severe immuno-
deficient state, NOG mice have been used as an in vivo model to
study human hematopoietic stem cell [13,14] and endometrial
tissue [16,17] engraftment. Here, we used NOG mice to develop
an uPA/NOG-transgenic model that allows the engraftment of
human hepatocytes into a damaged liver. This model could provide
a useful tool for characterization of hepatic drug metabolism
in vivo within a humanized liver.

Materials and methods

Transgenic mice. The mouse albumin promoter-driven uroki-
nase-type plasminogen activator (Plau, known as uPA) gene
expression unit (GenBank Accession No. AB453180) was con-
structed as follows. The 2345-bp NotI–BamHI fragment of the
mouse albumin enhancer/promoter from plasmid p2335A-1 [18],
the 304-bp HindIII–NheI fragment of the chimeric intron from pCI
plasmid (Promega Corp., WI, USA), the 1367-bp NheI–SalI fragment
of the PCR-amplified mouse uPA cDNA (MuPA-Nhe1-F, 50-GCTA
GCGGCACTACCATGAAAGTC-30; MuPA-Sal1-R, 50-AATTAAGTCGACA
ACAAGTGACCC-30), and the 624-bp SmaI–EcoRI fragment of the
PCR-amplified human growth hormone (GH1) 30-flanking region
(hGHF, 50-GCTCTACTGCTTCAGGAAGGACAT-30; hGHR, 50-GAATTCA
ACAGGCATCTACTGA-30) were cloned into the pBlueScript II vector
(Promega) with appropriate polylinkers (50-GATCCAAGCTTATGC
AGTCGACCCGGGCATGCGAATTCTCGA-30). A vector-free, 4.6-kb
uPA expression fragment was prepared by NotI and KpnI digestion
and microinjected into fertilized NOD/Shi strain mouse eggs using
standard methods. Transgenic founders were mated with NOD�
Cg-Prkdcscid Il2rgtm1Sug/ShiJic (NOG) mice to confer the scid and
IL2Rgnull mutations. The scid and IL2Rgnull mutations were geno-
typed by PCR as described previously [13,19]. The mice were
assigned the following genetic designation: NOG-Tg (Alb-Plau)11-4/Shi-
Jic [formally, NOD�Cg-Prkdcscid Il2rgtm1Sug Tg(Alb-Plau)11-4/
ShiJic; abridged name: uPA-NOG]. The present study was per-
formed in accordance with institutional guidelines and was ap-
proved by the Animal Experimentation Committee of the Central
Institute for Experimental Animals.

Detection of uPA transcripts by RT-PCR. Total cellular RNA
samples from the liver, kidney, and spleen were obtained from
29-week-old uPA-NOG mice using the RNeasy Mini kit (QIAGEN,
Tokyo, Japan). Reverse transcription-polymerase chain reaction
(RT-PCR) was performed using the High Capacity cDNA Reverse
Transcription kit (Applera Corporation, CA, USA). The spMuPAF
forward primer (50-GAGGCACTGGGCAGGTGTCC-30) and MuPAR
reverse primer (50-AGGGCCGACCTTTGGTATCAGTG-30) were used
to detect the spliced form of the external mouse uPA transcript
(365-bp band). The 479-bp glyceraldehyde-3-phosphate dehydro-
genase (Gapdh) fragment was amplified using the G3PDHF forward
primer (50-TCACCATCTTCCAGGAGCGAGA-30) and the G3PDHR
reverse primer (50-GAAGGCCATGCCAGTGAGCTT-30) and used as
an internal control.

Spontaneous liver damage. The degree of liver damage was
examined by determining the serum levels of alanine aminotrans-
ferase (ALT). Clinical biochemical analyses of serum samples were
carried out with the Fuji DRI-CHEM 7000 (FUJIFILM Corporation,
Tokyo, Japan).

Southern blot analyses. Genomic DNA samples from liver and
kidney were obtained from 8-week-old uPA-NOG mice and non-
transgenic mice by overnight incubation with proteinase K and
subsequent extraction with phenol: chloroform: ethanol according
to the standard protocol. XbaI, XhoI, BglII, and BamHI restriction en-
zyme-digested genomic DNA was electrophoresed on a 0.6% aga-
rose gel and transferred to a positively charged nylon membrane
(F. Hoffmann-La Roche Ltd., Basel, Switzerland). Hybridization
was carried out with a DIG-labeled probe that was prepared using
the PCR DIG Probe Synthesis Kit (F. Hoffmann-La Roche Ltd.) using
forward (50-GTTCTCCAGCTTGGGATCGACCTG-30) and reverse (50-
TTGATAGGAAAGGTGATCTGTGTGCAG-30) primers according to
the manufacturer’s instructions.

Transplantation of human hepatocytes. Commercially available
cryopreserved hepatocytes (Lonza Walkersville Inc., MD, USA)
were used as donor cells. Young (6-week-old) uPA-NOG hemizyg-
otes and homozygotes were used as recipients. Cell number and
viability were determined by trypan blue exclusion in a hemocy-
tometer. One million viable hepatocytes in 40 ll of Hank’s Bal-
anced Salt Solution (HBSS) were injected intrasplenically via a
Hamilton syringe with a 26 G needle.

Human albumin measurements. Small volumes of blood were
collected biweekly from the retro-orbital venousplexus with a
plastic capillary. After a 500- to 30,000-fold dilution with Tris-buf-
fered saline that contained 1% bovine serum albumin and 0.05%
Tween-20, human albumin concentrations were measured with
the Human Albumin ELISA Quantitation Kit (Bethyl Laboratories
Inc., TX, USA) according to the manufacturer’s protocol.

Immunoblotting. Diluted serum samples (2000� dilution) were
solubilized in SDS sample buffer with 5% b-mercapthoethanol. Pro-
teins were subjected to SDS–PAGE and transferred to Hybond-ECL
membranes (GE Healthcare Bio-Sciences Corp., NJ, USA). The mem-
branes were incubated for 90 min with biotinylated polyclonal
goat anti-mouse albumin antibodies (A90-234A; Bethyl Laborato-
ries) and biotinylated polyclonal goat anti-human albumin anti-
bodies (A80-229A; Bethyl Laboratories), washed, and incubated
with a streptavidin–horseradish peroxidase conjugate (GE Health-
care Bio-Sciences) for 60 min. The biotinylated antibodies were
prepared using the FluoReporter Mini-Biotin-XX Protein Labeling
Kit (Invitrogen Corp., CA, USA). The immunoblots were developed
using the ECL Western Detection System and Hyperfilm ECL (GE
Healthcare Bio-Sciences).

Histology and immunohistochemistry. The tissues were fixed with
4% (v/v) phosphate-buffered formalin, and paraffin-embedded sec-
tions were stained with hematoxylin and eosin (H&E). Polyclonal
goat anti-human albumin antibodies (Bethyl Laboratories) were
used as the primary antibodies. The antibodies were visualized
using amino acid polymer/peroxidase complex-labeled anti-goat
Ig antibody (Histofine Simple Stain Mouse MAX PO (G); Nichirei
Bioscience Inc., Tokyo, Japan) and diamino-benzidine (DAB; Dojin-
do Laboratories, Kumamoto, Japan) substrate [0.2 mg/ml 3,30-
diaminobenzidinetetrahydrochloride, 0.05 M Tris–HCl (pH 7.6),
and 0.005% H2O2]. Sections were counter-stained with
hematoxylin.

Statistical analyses. Statistical analyses were performed with
StatView ver. 5.0 (SAS Institute, Tokyo, Japan) and the Prism 5 soft-
ware (GraphPad Software, CA, USA).

Results and discussion

Previously prepared AL-uPA transgenic mice [Tg(Alb-1,Plau)-
Bril44 lines 1353–8 and lines 1944–6] possess five or 10 copies,
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respectively, of the transgene joined head-to-tail in a tandem array
[20]. In both lineages, half of the transgenic offspring bled exten-
sively and died as neonates. Neonatal lethality was correlated with
the level of expression of the uPA transgene, which is determined,
at least in part, by the copy number. Therefore, we predicted that
mice with fewer copies of the uPA transgene would have less liver
damage, which would eliminate the uPA-mediated neonatal lethal-
ity. We produced uPA-transgenic mice in severely immunodefi-
cient NOG mice [NOG-Tg(Alb-Plau)11-4/ShiJic, referred to as uPA-
NOG] with the uPA gene expression unit (Fig. 1A). RT-PCR analysis
Fig. 1. Establishment of the uPA-NOG mouse as a model of spontaneous hepatic
injury. (A) The uPA expression unit contains the mouse albumin enhancer/promoter
(Alb En/Pro), the chimeric intron, mouse uPA cDNA, and the 30-UTR of the human
growth hormone gene with polyadenylation (pA) signal. Arrowheads depict the
positions and directions of the RT-PCR primers. (B) RT-PCR analyses of uPA
transgene expression. Wild, non-transgenic NOG; Tg/+, hemizygous; and Tg/Tg,
homozygous uPA-NOG mice. Gapdh was used as an internal control. (C) ALT
activities in uPA-NOG mice. All the values for the homozygous uPA-NOG (Tg/Tg) are
significantly higher than those for the hemizygote (Tg/+) (P < 0.0001, unpaired t-
test). Dashed lines indicate the two standard deviation ranges for the values for the
non-transgenic NOG mice (n = 7). Each of the points for the hemizygous and
homozygous uPA-NOG mice represent the mean ± SD of four to seven samples. (D)
Gross appearance and histopathology of a homozygous uPA-NOG mouse liver. Scale
bar, 100 lm; P, portal tract; C, central vein.
of uPA transgene expression indicated that the chimeric introns
were appropriately spliced to produce the uPA expression unit.
Although the transgene was expressed in the livers of hemizygous
(Tg/+) and homozygous (Tg/Tg) uPA-NOG mice; it was not ex-
pressed in the kidneys, spleens or any other tissues obtained from
non-transgenic NOG mice (Fig. 1B). uPA-NOG hemizygotes were
indistinguishable from non-transgenic littermates; they have
never exhibited spontaneous intestinal or intra-abdominal bleed-
ing that was typically seen in previously produced AL-uPA trans-
genic mice [21]. The level of expression of the transgene in
hemizygous uPA-NOG mice was below that required to cause liver
disease. The serum ALT activity in the hemizygote, an indicator of
hepatocyte damage, did not increase in mice at any age and was
identical to that of a non-transgenic NOG mouse (Fig. 1C).

Since transgene zygosity affects the phenotype of transgenic
mice via a gene dosage effect; we produced a homozygous line of
uPA-NOG mice that carries two copies of the transgene array that
stably reinforces transgene expression. To do this, female and male
homozygotes were bred to produce homozygous uPA-NOG mice,
which no longer needed progeny testing or genotyping for zygos-
ity. At birth, the homozygotes, whose zygosity was confirmed by
progeny testing, were slightly smaller than their hemizygous litter-
mates. Quantitative RT-PCR revealed that transgene expression in
the livers of homozygous uPA-NOG mice was 2.4- to 3.6-fold high-
er than hemizygotes (data not shown). However, perinatal hemor-
rhaging, embryonic lethality or neonatal lethality did not occur in
homozygous uPA-NOG mice. The serum ALT level (75.0 ± 9.1, n = 4)
in the homozygote at 4 weeks of age was slightly above that of the
hemizygote, but this trend did not reach statistical significance
(data not shown). However, the ALT levels began to increase by 6
weeks of age in the uPA-NOG homozygotes, and remained elevated
through 14 weeks of age (Fig. 1C). The livers of 6-week-old uPA-
NOG homozygotes had evidence of modest hepatic injury. The
hepatocytes focally showed degeneration foci and a few eosino-
philic bodies predominantly around the central veins (Fig. 1D, cen-
ter). The livers of 16-week-old uPA-homozygous mice revealed
megalocytosis with increased eosinophilic bodies (Fig. 1D, right).

The phenotype and liver histology of uPA-NOG mice was signif-
icantly different from that of previously produced AL-uPA trans-
genic mice. uPA-NOG mice did not develop the severe edema
that was observed AL-uPA homozygote mice at 3–6 weeks of age
[4]. The color of the liver parenchyma was also significantly differ-
ent. The livers of 3- to 5-week-old AL-uPA-transgenic homozygotes
were smooth and pale to nearly white in color (known as ‘‘white
liver”), and the livers of the hemizygotes were also profoundly
abnormal in appearance, with multiple reddish nodules in addition
to the white parenchyma [4]. However, the liver of 6-week-old
homozygous uPA-NOG mouse did not show any ‘‘white liver”
changes, regardless of uPA transgene zygosity (Fig. 1D, left). AL-
uPA transgenic mice have an age-dependent decrease in uPA
expression that is caused by deletion of the integrated transgene
[4]. However, Southern blot analysis indicated that the transgene
array was stably integrated at a single locus in the uPA-NOG homo-
zygote (Fig 2A). The fact that there were no differences in hybrid-
ization banding patterns in the liver and kidney DNA samples in 8-
week-old uPA-NOG mice indicate that there is a relatively low fre-
quency of physical loss of the transgene from uPA-NOG mice. Fur-
thermore, stable level of expression of the uPA transgene (Fig. 1B)
and the persistence of high levels of the hepatic injury marker
(ALT) also indicate the transgene is stably expressed (data not
shown). Further analysis of the banding pattern after XhoI diges-
tion indicate that uPA-NOG mice have at least three copies of the
4.6-kb monomeric transgene. The low copy number of the inte-
grated transgene in uPA-NOG mice may prevent neonatal lethality.
The architecture of the integrated transgene in uPA-NOG mice was
further analyzed by southern blot analyses with additional restric-



Fig. 2. Molecular analyses of the integrated transgene in uPA-NOG mice. (A) DNA
samples from non-transgenic NOG mouse kidney (Kid.; W) and uPA-NOG hemizy-
gote kidney (Kid.; Tg) and liver (Liv.; Tg) were digested with XbaI and XhoI for
Southern blot analysis. (B) DNA samples from non-transgenic NOG mouse kidney
(Wild) and uPA-NOG hemizygote kidney (Tg) was digested with BglII and BamHI.
The uPA expression unit (4.6-kb fragment) was used as a positive control
(arrowhead). (C) Restriction map and structure of the transgene in uPA-NOG mice.
Solid boxes indicate transcribed segments. Asterisks indicate the positions recog-
nized by DIG-labeled probes. The shaded box indicates the rearranged region.
Restriction enzymes: Xb, XbaI; Xh, XhoI; Bg, BglII; Ba, BamHI.

Fig. 3. Engraftment and repopulation of human hepatocytes in uPA-NOG mice. (A)
Gross appearance of the uPA-NOG mouse liver 10 weeks after human hepatocyte
transplantation. Tg/+, hemizygous; Tg/Tg, uPA-NOG homozygote. (B) Blood albumin
concentrations in human cell recipients were assayed by ELISA. Dashed lines
indicate the two standard deviation ranges for the values for the untransplanted
uPA-NOG mice (n = 6). Body-weight changes after human hepatocyte transplanta-
tion are shown. (C) Immunoblot analysis shows human albumin (a-hAlb) and
mouse albumin (a-mAlb) production in hemizygous (Tg/+) or homozygous (Tg/Tg)
uPA-NOG transplant recipient mice. (D) Histology and immunohistochemistry of
livers from uPA-NOG mice that were repopulated with human hepatocytes.
Immunohistochemical staining for human albumin (top and lower left) and H&E
staining (lower right). P, portal tract; C, central vein.
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tion enzymes (Fig 2B) to produce the restriction map of the inte-
grated transgene array (Fig. 2C). This array consists of at least three
copies of the uPA gene expression unit joined head-to-tail in a tan-
dem array. One of the uPA gene expression units that located at
downstream position had a small rearrangement (Fig. 2C). How-
ever, the rearrangement was likely not an acquired characteristic,
because the rearrangement was observed in the founder mice from
this line (data not shown).

To determine whether uPA-NOG mice could support repopula-
tion by transplanted hepatocytes, commercially available cryopre-
served human hepatocytes were transplanted into 6-week-old
uPA-NOG hemizygous and homozygous recipients. The hepato-
cytes were successfully transplanted only into the homozygous
uPA-NOG mice. Engraftment was demonstrated by different meth-
ods, including histology, human serum albumin measurements
(ELISA), immunoblotting, and immunohistochemical staining
(Fig. 3). At the time of transplantation, the recipient mice were
clinically healthy and indistinguishable from non-transgenic uPA-
NOG mice. Growth of transplanted human hepatocytes was not
detectable in either the hemizygous or homozygous uPA-NOG
mouse livers by gross inspection (Fig. 3A) because of the lack of
obvious differences, such as color [8]. Periodic measurements of
human albumin levels in the blood of each recipient were per-
formed, to estimate repopulation of the mouse livers with human
hepatocytes. Hemizygous recipients transplanted with human
hepatocytes did not produce levels of human serum albumin that
were indicative of a successful transplant (Fig. 3B, left); human
albumin was not detected by immunoblotting (Fig. 3C, left) or



252 H. Suemizu et al. / Biochemical and Biophysical Research Communications 377 (2008) 248–252
immunohistochemical staining (data not shown). Conversely, both
homozygous recipients repopulated after transplantation of the
human hepatocytes. These mice produced more than 1 mg/ml hu-
man albumin, and immunohistochemical staining suggested that
the livers were comprised of at least 10–15% human hepatocytes
(Fig. 3B, left). In one mouse, the circulating human serum albumin
level continued to increase to 6.5 mg/ml. Although uPA-NOG hemi-
zygotes and homozygotes both gained weight after transplantation
(Fig. 3B, right), immunoblot analyses showed successful engraft-
ment of the transplanted human hepatocytes in only the uPA-
NOG homozygotes (Fig. 3C). Furthermore, human albumin was de-
tected in the sera from both homozygotes (Tg/Tg1 and Tg/Tg2)
with the anti-human albumin antibody; immunohistochemical
staining for albumin further confirmed the human origin of these
hepatocytes. Sera obtained from hemizygous uPA-NOG mice trans-
planted with human hepatocytes did not contain detectable
amounts of human albumin. However, mouse albumin was de-
tected in the sera from all of the mice.

Numerous mature human hepatocytes were identified in the
livers of the transplanted uPA-NOG homozygotes (Fig. 3D, top).
The number of human hepatocyte foci and the repopulation index,
which was calculated based on the human hepatocyte/total liver
cell number, appears to correspond to the measured blood levels
of human albumin. In the Tg/Tg1 uPA-NOG homozygote, the blood
human albumin levels reached 1.8 mg/ml, and the repopulation in-
dex was estimated to be 20% (Fig. 3D, upper and lower left). As
mentioned previously, the human albumin levels reached 6.5 mg/
ml in one mouse, a Tg/Tg2 uPA-NOG homozygote. In this mouse,
almost 80% of the hepatocytes showed positive staining for human
albumin, which suggests that the recipient liver was replaced by
the transplanted human hepatocytes (Fig. 3D, top right). The hu-
man hepatocytes were fairly swollen and had a rarefied cytoplasm,
such that these cells were easily discriminated from their murine
counterparts (Fig. 3D, lower right). Periodic acid-Schiff (PAS) reac-
tion showed that the empty spaces in these cells corresponded to
areas of glycogen storage [22,23]. Furthermore, wisps and small
clumps were evident in the cytoplasm, indicating that the organ-
elles were displaced by excessive glycogen accumulation.

We anticipate that these humanized uPA-NOG mice will be use-
ful for studying drug metabolism, general metabolic effects after
hepatic engraftment, and the differentiation of stem cells for
hepatocytes.

Acknowledgments

We thank Dr. R.D. Palmiter for providing plasmid p2335A-1,
which carries the mouse albumin enhancer/promoter gene, S. In-
oue, Y. Ando, M. Kuronuma, T. Mizushima, T. Kamisako, T. Etoh,
and T. Ogura for their excellent technical assistance with animal
experiments, C. Yagihashi and N. Omi for technical assistance with
the molecular analyses, and Y. Ohnishi for helpful discussions. This
work was supported by Grant-in-Aid for Scientific Research
(17300136) as well as by Global COE Program for In vivo Human
Metabolomic Systems Biology from MEXT.

References

[1] E.F. Brandon, C.D. Raap, I. Meijerman, J.H. Beijnen, J.H. Schellens, An update on
in vitro test methods in human hepatic drug biotransformation research: pros
and cons, Toxicol. Appl. Pharmacol. 189 (2003) 233–246.
[2] M.J. Gómez-Lechón, M.T. Donato, J.V. Castell, R. Jover, Human hepatocytes as a
tool for studying toxicity and drug metabolism, Curr. Drug Metab. 4 (2003)
292–312.

[3] A.M. Yu, J.R. Idle, F.J. Gonzalez, Polymorphic cytochrome P450 2D6: humanized
mouse model and endogenous substrates, Drug Metab. Rev. 36 (2004) 243–
277.

[4] E.P. Sandgren, R.D. Palmiter, J.L. Heckel, C.C. Daugherty, R.L. Brinster, J.L. Degen,
Complete hepatic regeneration after somatic deletion of an albumin–
plasminogen activator transgene, Cell 66 (1991) 245–256.

[5] K.M. Braun, E.P. Sandgren, Liver disease and compensatory growth:
unexpected lessons from genetically altered mice, Int. J. Dev. Biol. 42 (1998)
935–942.

[6] F.F. Mohammed, R. Khokha, Thinking outside the cell: proteases regulate
hepatocyte division, Trends Cell Biol. 15 (2005) 555–563.

[7] J.A. Rhim, E.P. Sandgren, J.L. Degen, R.D. Palmiter, R.L. Brinster, Replacement of
diseased mouse liver by hepatic cell transplantation, Science 263 (1994) 1149–
1152.

[8] J.A. Rhim, E.P. Sandgren, R.D. Palmiter, R.L. Brinster, Complete reconstitution of
mouse liver with xenogeneic hepatocytes, Proc. Natl. Acad. Sci. USA 92 (1995)
4942–4946.

[9] D.F. Mercer, D.E. Schiller, J.F. Elliott, D.N. Douglas, C. Hao, A. Rinfret, W.R.
Addison, K.P. Fischer, T.A. Churchill, J.R. Lakey, D.L. Tyrrell, N.M. Kneteman,
Hepatitis C virus replication in mice with chimeric human livers, Nat. Med. 7
(2001) 927–933.

[10] M. Dandri, M.R. Burda, E. Török, J.M. Pollok, A. Iwanska, G. Sommer, X. Rogiers,
C.E. Rogler, S. Gupta, H. Will, H. Greten, J. Petersen, Repopulation of mouse
liver with human hepatocytes and in vivo infection with hepatitis B virus,
Hepatology 33 (2001) 981–988.

[11] K. Ohbo, T. Suda, M. Hashiyama, A. Mantani, M. Ikebe, K. Miyakawa, M.
Moriyama, M. Nakamura, M. Katsuki, K. Takahashi, K. Yamamura, K. Sugamura,
Modulation of hematopoiesis in mice with a truncated mutant of the
interleukin-2 receptor gamma chain, Blood 87 (1996) 956–967.

[12] Y. Koyanagi, Y. Tanaka, J. Kira, M. Ito, K. Hioki, N. Misawa, Y. Kawano, K.
Yamasaki, R. Tanaka, Y. Suzuki, Y. Ueyama, E. Terada, T. Tanaka, M. Miyasaka,
T. Kobayashi, Y. Kumazawa, N. Yamamoto, Primary human immunodeficiency
virus type 1 viremia and central nervous system invasion in a novel hu-PBL-
immunodeficient mouse strain, J. Virol. 71 (1997) 2417–2424.

[13] M. Ito, H. Hiramatsu, K. Kobayashi, K. Suzue, M. Kawahata, K. Hioki, Y. Ueyama,
Y. Koyanagi, K. Sugamura, K. Tsuji, T. Heike, T. Nakahata, NOD/SCID/
gamma(c)(null) mouse: an excellent recipient mouse model for engraftment
of human cells, Blood 100 (2002) 3175–3182.

[14] T. Yahata, K. Ando, Y. Nakamura, Y. Ueyama, K. Shimamura, N. Tamaoki, S.
Kato, T. Hotta, Functional human T lymphocyte development from cord blood
CD34+ cells in nonobese diabetic/Shi-scid, IL-2 receptor gamma null mice, J.
Immunol. 169 (2002) 204–209.

[15] M. Ito, K. Kobayashi, T. Nakahata, NOD/Shi-scid IL2rgamma(null) (NOG) mice
more appropriate for humanized mouse models, Curr. Top. Microbiol.
Immunol. 324 (2008) 53–76.

[16] H. Masuda, T. Maruyama, E. Hiratsu, J. Yamane, A. Iwanami, T. Nagashima, M.
Ono, H. Miyoshi, H.J. Okano, M. Ito, N. Tamaoki, T. Nomura, H. Okano, Y.
Matsuzaki, Y. Yoshimura, Noninvasive and real-time assessment of
reconstructed functional human endometrium in NOD/SCID/gamma c(null)
immunodeficient mice, Proc. Natl. Acad. Sci. USA 104 (2007) 1925–1930.

[17] R. Matsuura-Sawada, T. Murakami, Y. Ozawa, H. Nabeshima, J. Akahira, Y. Sato,
Y. Koyanagi, M. Ito, Y. Terada, K. Okamura, Reproduction of menstrual changes
in transplanted human endometrial tissue in immunodeficient mice, Hum.
Reprod. 20 (2005) 1477–1484.

[18] C.A. Pinkert, D.M. Ornitz, R.L. Brinster, R.D. Palmiter, An albumin enhancer
located 10 kb upstream functions along with its promoter to direct efficient,
liver-specific expression in transgenic mice, Genes Dev. 1 (1987) 268–276.

[19] C. Maruyama, H. Suemizu, S. Tamamushi, S. Kimoto, N. Tamaoki, Y. Ohnishi,
Genotyping the mouse severe combined immunodeficiency mutation using
the polymerase chain reaction with confronting two-pair primers (PCR-CTPP),
Exp. Anim. 51 (2002) 391–393.

[20] E.P. Sandgren, R.D. Palmiter, J.L. Heckel, R.L. Brinster, J.L. Degen, DNA
rearrangement causes hepatocarcinogenesis in albumin–plasminogen
activator transgenic mice, Proc. Natl. Acad. Sci. USA 89 (1992) 11523–11527.

[21] J.L. Heckel, E.P. Sandgren, J.L. Degen, R.D. Palmiter, R.L. Brinster, Neonatal
bleeding in transgenic mice expressing urokinase-type plasminogen activator,
Cell 62 (1990) 447–456.

[22] P. Meuleman, L. Libbrecht, R. De Vos, B. de Hemptinne, K. Gevaert, J.
Vandekerckhove, T. Roskams, G. Leroux-Roels, Morphological and
biochemical characterization of a human liver in a uPA-SCID mouse chimera,
Hepatology 41 (2005) 847–856.

[23] H. Azuma, N. Paulk, A. Ranade, C. Dorrell, M. Al-Dhalimy, E. Ellis, S. Strom, M.A.
Kay, M. Finegold, M. Grompe, Robust expansion of human hepatocytes in
Fah�/�/Rag2�/�/Il2rg�/�mice, Nat. Biotechnol. 25 (2007) 903–910.


	Establishment of a humanized model of liver using NOD/Shi-scid IL2Rgnull mice
	Materials and methods
	Results and discussion
	Acknowledgments
	References


