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TABLE 1. Sequences of primers used in real-time PCR analyses and 3'UTR cloning for luciferase reporter assay

Gene Accession no. Sequence
Real-time PCR
CDK2 NM_001798 Forward: 5'-CTCCACCGAGACCTTAAACCTCAG-3'
Reverse: 5-TCGGTACCACAGGGTCACCA-3'
CDK4 NM_000075 Forward: 5-GATAGATGCTGACCCATACCTCAAG-3'
Reverse: 5'-ATGCTGTGGTGCTTTGAGGTAG-3
CDKé NM_001259 Forward: 5-ATATCTGCCTACAGTGCCCTGTCTC-3'
Reverse: 5'-GTGGGAATCCAGGTTTTCTTTGCAC-3'
Cyclin El NM_001238 Forward: 5'-GCAGTATCCCCAGCAAATC-3'
Reverse: 5'-TCAAGGCAGTCAACATCCA-Y
Cyclin DI NM_053056 Forward: 5-GCTGTGCATCTACACCGACAACTC-3'
Reverse: 5'-AGGTTCCACTTGAGCTTGTTCACC-3'
E2F3 NM_001949 Forward: 5'-CCAACTCAGGACATAGCGATTGCTC-3'
) Reverse: 5'-AGGAATTTGGTCCTCAGTCTGCTGT-3'
GAPDH NM_002046 Forward: 5-GCACCGTCAAGGCTGAGAAC-3'
Reverse: 5'-TGGTGAAGACGCCAGTGGA-3'
p21 NM_000389 Forward: 5'-AGCAGAGGAAGACCATGTGGA-3'
Reverse: 5'-GGAGTGGTAGAAATCTGTCATGCT-3’
p27 NM_004064 Forward: 5'-AGCTTGCCCGAGTTCTACTACAG-3’
Reverse: 5-ACCAAATGCGTGTCCTCAGAGT-3'
3'UTR cloning
Cyclin El NM_001238 Forward: 5'-TTCTCGAGATCCTTCTCCACCAAAGACAGTT-¥

Reverse: 5'-TTTCTAGAGAATGGATAGATATAGCAGCACTTACA-3'

The forward and reverse primers for 3'UTR cloning carried the Xhol and Xbal sites at their 5'-ends, respectively.

HSCs. Because miR-195 is categorized into the same family as Materials and Methods
miR-15b and miR-16 and has been reported to regulate cell cycle Materials
by targeting E2F3, CDK&, and cyclin D1 (Xu et al., 2009), we

suspect the involvement of miR-195 in the proliferation of HSC Human HSC line LX-2 was donated by Dr. Scott L. Friedman
and in type | IFN, in particular IFN-, -induced inhibition of their  (Mount Sinai School of Medicine, New York, NY) (Xu et al., 2005).
growth. Necessary reagents and materials were obtained from the
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Fig. 1. Expression of miR-195 in mouse HSCs during primary culture and growth inhibitory effect of IFN-« and - on human stellate cells. A,B:
Isolated mouse HSCs were cultured for the indicated periods. The expression levels of miR-195 (A), and «-SMA and cyclin EIl mRNA (B) were
measured by real-time PCR. *P<0.05, **P<0.01 compared with | day. C,D: LX-2 cells were incubated with IFN-« or -8 (1,000 1U/ml) for 3-7 days
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determined using a WST-1 assay. **P <0.01 compared with control.
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following sources: Dulbecco's modified Eagle’s medium (DMEM)
from Sigma Chemical Co. (St. Louis, MO); fetal bovine serum (FBS)
from Invitrogen (Carlsbad, CA); human natural IFN-ac and -3 from
Otsuka Pharmaceutical Co. (Tokushima, Japan) and Toray
Industries, Inc. (Tokyo, Japan), respectively; precursor and
inhibitor of miR-195, and the corresponding negative controls from
Ambion (Austin, TX); mouse monoclonal antibody against cyclin
El, cyclin DI and p21, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) from MBL (Nagoya, Japan), Cell Signaling
Technology, Inc. (Beverly, MA), and Chemicon International, Inc.
(Temecula, CA), respectively; rabbit polyclonal antibodies against
cyclin-dependent kinase (CDK) 6 and E2F3 from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA); goat polyclonal antibody
against CDK4 from Santa Cruz Biotechnology, Inc.; enhanced
Chemiluminescence plus detection reagent from GE Healthcare
(Buckinghamshire, UK); Immobilon P membranes from Millipore
Corp. (Bedford, MA); reagents for cDNA synthesis and real-time
PCR from Toyobo (Osaka, Japan); a cell counting kit from Dojindo
Laboratories (Kumamoto, Japan); and all other reagents from
Sigma Chemical Co. or Wako Pure Chemical Co. (Osaka, Japan).

Cells

LX-2 cells were maintained in DMEM supplemented with 10% FBS
(DMEM/FBS) and were plated at a density of 0.7—1.5 x 10*cells/
cm? 24 h prior to biological assay. Biological assays were done in
DMEM/FBS unless stated otherwise. Mouse primary HSCs were

isolated from male C57BL/6 mice by the pronase-collagenase
digestion method as described previously (Uyama et al., 2006) and
were cultured in DMEM/FBS.

Transient transfection of miRNA precursors and inhibitors

Precursor of miR-195, which was a double-strand RNA mimicking
endogenous miR-195 precursor, and the negative control with a
scrambled sequence were transfected into LX-2 cells using

- Lipofectamine 2000 (Invitrogen) at a final concentration of 50 nMin

accordance with the manufacturer’s instructions. Briefly, miRNA
precursor and Lipofectamine 2000 were mixed at a ratio of 25
(pmol):l (uly in Opti-MEM | Reduced Medium (Invitrogen),
incubated for 20 min at room temperature, and were then added to
the cultures. After 24 h, the culture medium was replaced with
fresh medium. Inhibitor of miR- 195, which was designed to bind to
endogenous miR-195 and inhibit its activity, and the negative
control with a scrambled sequence were transfected similarly.
After 6 h, the culture medium was changed and IFN-3 was added
successively.

Cell proliferation assay

LX-2 cells were plated at a density of 2 % 10® cells/well in 96-well
plates 24 h prior to experiments. The culture medium was replaced
by fresh medium containing different concentrations of IFNs at

days 0 and 3. After 3, 5, and 7 days of treatment, cell proliferation
was measured by WST-I assay. In another experiment, the cells
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Fig. 2. Effect of IFN-« and -3 on cell cycle distribution in human stellate cells. LX-2 cells synchronized in G0/G | phase were then incubated with
IFN-« or -3 (1,000 1U/ml) in DMEM/FBS for the indicated periods. Control indicates non-treated cells. The cell cycle was analyzed by flow
cytometry. Thewhite, black,and shaded region indicates the histogram measured by flow cytometry, G0/G 1 phase (left) or G2/M phase (right), and

S phase, respectively, as analyzed by ModFIT LT software.
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were plated at a density of 3 x 10 cells/well in 96-well plate for
24 h prior and were then transfected with the miR-195 precursor
as described above. After 24 h, the medium was changed and the
culture was continued for an additional 1-3 days before the
measurement of cell proliferation.

Cell cycle analysis

Cells were serum starved for 24 h and then the medium was
replaced with IFN-containing DMEM/FBS. At the indicated time
points after treatment, the cells were harvested by trypsinization,
washed in phosphate-buffered saline (PBS), and fixed in ice-cold
70% ethanol. The cells were washed in PBS and resuspended in PBS
containing 500 pg/ml RNase A and incubated for 20 min. Cellular
DNA was stained with propidium iodide at a final concentration of
25 p.g/ml for 20 min. The cells were analyzed using a FACSCalibur
HG flow cytometer (Becton Dickinson, Franklin Lakes, NJ). A total
of 20,000 events were counted for each sample. Data were
analyzed using ModFIT LT software (Verity Software House,
Topsham, ME).

Quantitative real-time PCR

Quantitative real-time PCR was performed according to the
method described elsewhere with use of a set of gene-specific
oligonucleotide primers (Table 1) using an Applied Biosystems
Prism 7500 (Applied Biosystems, Foster City, CA) (Ogawa et al.,

2010). To detect miR-195 expression, the reverse transcription

reaction was performed using a TaqMan microRNA Assay (Applied
Biosystems) in accordance with the manufacturer’s instructions.

The expression level of GAPDH was used to normalize the relative
abundance of mRNAs and miR-195.

Immunoblotting

Cells were lysed in RIPA buffer [SO mM Tris/HCI, pH 7.5, 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS)] containing Protease Inhibitor Cockeail, Phosphatase
Inhibitors Cocktail 1, and Phosphatase Inhibitor Coclctail 2 (Sigma).
Proteins (20 j1g) were electrophoresed in a 10% SDS—
polyacrylamide gel and then transferred onto Immobilon P
membranes (Ogawa et al,, 2010). Immunoreactive bands were
visualized by the enhanced chemiluminescence system using a
Fujifilm Image Reader LAS-3000 (Fuji Medical Systems, Stamford,
CT).

Luciferase reporter assay

Interaction of miR-195 to the 3'UTR of the cyclin El gene was
tested according to the reported method (Ogawa et al., 2010). The
3'UTR of the cyclin El gene containing putative miR-195 target
regions was obtained by PCR using cDNA derived from LX-2and a
primer set listed in Table |. The obtained DNA fragments (497 bp)
were inserted into a pmirGLO Vector (Promega, San Luis Obispo,
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CA). LX-2 cells, plated in 96-well plates at a density of 2 x 10" cells/
well 24 h prior to experiment, were transfected with 200 ng of
reporter plasmid and miRNA precursor using Lipofectamine 2000.
After 24 h, the medium was changed to 20 1l of PBS. The Dual-Glo
Luciferase Assay System (Promega) was used to analyze luciferase
expression in accordance with the manufacturer’s protocol.
Firefly luciferase activity was normalized to Renilla luciferase
activity to adjust for variations in transfection efficiency among
experiments,

Statistical analysis

Data presented as graphs are the means 4= SD of at least three
independent experiments. Statistical analysis was performed using
Student’s t-test. P < 0.05 was considered significant.

Results
Reduction of miR-195 expression during activation of
primary-cultured HSCs

It has been known that, when maintained in a plastic culture
plate, freshly isolated primary-cultured HSCs undergo
spontaneous activation and transformation into
myofibroblastic cells that express a-SMA and produce

fibrogenic mediators, such as type | collagen and transforming
growth factor-B. In our preliminary experiments using
primary-cultured mouse HSCs, we noticed that the cells
drastically decreased the expression of miR-195 when they
underwent spontaneous activation (unpublished observation).
The present study confirmed this notion as shown in

Figure [A. miR-195 expression level certainly decreased in
activation process of primary-cultured mouse HSCs. In
contrast, the expression levels of «-SMA and cyclin El mRNA
increased (Fig. |B). Accordingly, we considered that miR-195
plays a role as an antiproliferative and antiactivating miRNA in
HSCs. As a matter of fact, there was a study showing that
miR-16 family including miR-195 inhibits proliferation of lung
cancer cells by silencing cyclins D1 and El, and CDK6 (Liu etal.,
2008). The result indicated by Figure | and the cited study
together drove us to explore the IFN’s antiproliferative action
on HSCs (Mallat et al., 1995; Shen et al., 2002), focusing on
miR-195 and cell cycle-related genes.

Effects of IFN-« and - on proliferation of HSCs

First, we investigated the effects of type | IFNs on the
proliferation of LX-2 cells using a WST-1 assay. LX-2 cells in
control culture continued to grow during the experimental
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period of 7 days (Fig. 1C). IFN-a and -B both, but the latter
more actively, decreased cell proliferation time-dependently at
a concentration of 1,000 |U/ml, supporting the previous studies
(Mallat et al,, 1995; Shen et al., 2002). Dose-dependency of the
growth inhibition is shown in IFN concentrations from 10 to
1,000 1U/ml (Fig. ID).

Effects of IFN-« and -f on cell cycle distribution

To elucidate the mechanism of the growth inhibitory effect of
IFN, we next examined the change in cell cycle distribution in
response to IFN-a and -3 treatment by flow cytometry. LX-2
cells were synchronized in GO/G | phase by serum starvation for
24 h. In non-treated cells (control), population in GO/G | phase
was reduced after serum exposute, which was accompanied by
the increase of population in S phase. This cell cycle transition
peaked at 24 h (Fig. 2, upper part). In cells treated with IFN-a or
-3, the GO/G1 phase population was larger and the S phase
population was smaller than in the control cellsat 15 hand 24 h.
In addition, the accumulation of cells in early S phase was
observed at 32-48h (Fig. 2, middle and lower parts). These
delays in cell cycle shift were more potentin IFN-B-treated cells
than in IFN-a-treated cells. It was concluded that type | IFN
hampered HSC proliferation through a delay in the cell cycle at
the transition from G| to S phase and in the progression of S
phase.

Regulation of cyclin El and p21 expression by IFN-$

IFN-B was chosen in the following experiments because of its
more potent inhibition of cell cycle progression than IFN-« as
described above. The transition from G| to S phase and the

progression of S phase are known to be influenced by various
regulators (Golias et al,, 2004). Among them, we found that
IFN-B significantly decreased cyclin El mRNA expression levels
by 0.6- to 0.7-fold at 6 and 24 h and increased p21 mRNA
expression levels by |.4-to 2.3-fold at 6, 24, 48,and 72 hin LX-2
cells (Fig. 3). The expression levels of CDK4 and CDK6 were
also reduced by IFN-( at early phase with less extent. The
others showed negligible change within 24 h although variable
dynamics were seen thereafter; changes of cyclin DI, CDK2,
and p27 expression at late phase were toward cell cycle
promotion with currently unknown reason.

Regulation of miR-195 expression by IFN-f

The result indicated from Figure | strongly suggested the
possibility that IFN-B increase the expression of miR-195 in
LX-2 cells. To test this possibility, we examined the expression
levels of miR-195 in IFN-B-treated LX-2 cells. As a result, the
miR-195 expression level was significantly increased by IFN-3
treatment at 24, 48, and 72 h (Fig. 4A).

Regulation of cyclin El and p2! expression by miR-195

The results obtained from experiments shown in Figures 3
and 4A led us to hypothesize that IFN-3 up-regulates the
expression of miR-195, which then down-regulates the
expression of cyclin El and up-regulates the expression of p21.
In addition, there had been a study reporting that miR-195
targets E2F3, CDK6, and cyclin D1 in addition to cyclin El
(Xu etal,, 2009). Under these considerations, we examined the
changes in the expression levels of the above-mentioned cell
cycle-related molecules and CDK4 by introducing miR-195
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precursor into LX-2 cells. Transfection of miR-195 precursor
increased the miR-195 expression levels in LX-2 cells by up to
10,000-30,000 times compared with those in cells transfected
with negative control (data not shown). Cyclin EI mRNA and
protein expression levels showed a remarkable reduction up to
72 h as result of miR-195 overexpression (Fig. 4B,C). On the
other hand, p2| mRNA and protein expression levels showed a
marked increase. CDK4, CDK6, and cyclin DI expression
levels were significantly changed at the mRNA level, but
negligibly at the protein level. E2F3 mRNA and protein
expression levels were unchanged (Fig. 4B,C). These results
suggested that miR-195 mainly regulated cyclin EI and p21
expression in LX-2 cells. Moreover, transfection of miR-195
precursor (50 nM) decreased the proliferation of LX-2 cells in
the WST-1 assay (Fig. 4D). These results showed that miR-195
down-regulates endogenous cyclin El expression and up-
regulates p2| expression, resulting in the attenuation of cell
cycle progression and cell proliferation.

Interaction of miR-195 with cyclin El 3'UTR in LX-2 cells

Next, we examined whether miR-195 interacted directly with
cyclin El 3'UTRin LX-2 cells. The predicted miRNA target sites
for miR-195 in the cyclin EI 3UTR were analyzed using
TargetScan Human Release 5.1 (http://www.targetscan.org/).
The cyclin El 3’UTR contained two target sites for miR-195
(Fig. 5A,B). To investigate the direct interaction between them,
the part of the cyclin El 3'UTR containing the two miR-195
target sites (497 bp) was cloned from LX-2 cells, inserted the
downstream of a firefly luciferase reporter gene in a pmirGLO
vector (Fig. 5C), and cotransfected into LX-2 cells. As shown in
Figure 5D, luciferase reporter activity decreased significantly in
miR-195 precursor-transfected cells compared with cells
transfected with a negative control of the precursor. These
results suggested a direct interaction between miR-195 and
cyclin El 3'UTR in LX-2 cells. Binding site of miR-195 was not
found in p21 3’UTR by TargetScan.

Regulation of cyclin El expression by IFN-$3 and miR-195

To confirm the contribution of miR-195 to the inhibitory effect
of IFN-f3 on cyclin El expression, LX-2 cells were first
transfected with 50 nM miR-195 inhibitor and then treated with
1,000 [U/ml IFN-B. As shown in Figure 6A, miR-195 inhibitor
blocked the inhibitory effect of IFN- on cyclin El mRNA
expression at 16 and 24 h. Although there was no difference in
the cyclin EI mRNA expression between IFN-f-treated cells
and non-treated cells (control) at 48 h, the cyclin El mRNA
expression level in miR-195 inhibitor plus [FN-B-treated cells
was up-regulated compared with non-treated cells (Fig. 6A).
Immunoblot analysis revealed that miR-195 inhibitor elevated
the cyclin El expression level of IFN-B-treated cells at 24 and
48h (Fig. 6B).

Discussion

In this study, we showed that IFN-{ is more antiproliferative on
LX-2 cells than IFN-a, which appears to be contradictory to
their known mechanism of action: both IFN-« and -3 exert
their activities through the common signaling pathway,
beginning with binding to the same type | IFN receptor (IFNAR)
consisting of IFNAR | and IFNAR?2, which activate the common
components of janus kinase/signal transducer and activator of
transcription (STAT) pathway (Darnell etal., 1994). However, a
similar activity difference between the IFNs has also been
demonstrated in colon cancer cell lines (Katayama et al., 2007)
and in rat HSCs (Shen et al., 2002). Some studies showed that
IFN-B but not IFN-a formed a stable complex with IFNARs,
suggesting that IFN-3 may interact with [FNAR chains in a
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2 cells were transfected with 50 nM miR-~195 inhibitor or a negative
control. After 6 h, the culture medium was changed and then IFN-3
(1,000 1U/ml) was added. Cells were then incubated for the indicated
time periods. A: mRNA expression levels of cyclin EIl. B: Protein
expression levels of cyclin El. GAPDH are for loading adjustment,
Control; cells were transfected with a negative control and incubated
without IFN-B. *P<0.05, **P<0.01.

manner different from IFN-a (Croze etal., 1996; Russell-Harde
etal, 1999).

We showed here that IFN- down-regulated the expression
of eyclin El and up-regulated the expression of p21, which
caused the cells to be less active proceeding in the transition
from GO to G| phase and in the progression of S phase. The cell
cycle is regulated by various molecules, such as cyclins and
CDKs. Cyclin E is essential in activating CDK2. The cyclin
E-CDK2 complex phosphorylates pRb at G| phase, leading to
gene transcription activities that are needed in S phase, and also
activates the factors involved in DNA replication at early S
phase (Golias et al., 2004). It has been reported that cyclin El
expression increased in non-parenchymal cells of human
fibrotic liver and that cyclin El-deficient mice developed milder
liver fibrosis compared with wild-type mice after CCly
administration (Nevzorova et al,, 2010). These results imply
that cyclin El regulates the progression of liver fibrosis by
accelerating HSC proliferation.

The most frequent miRNAs that targets cyclin El are the
miR-16 family, which consists of miR-15, -16, -195, -424, and -
497 (Liu etal,, 2008; Wang et al., 2009). We here observed the
induction of miR~195 by IFN-B. miR-195 was reported to be
down-regulated in human HCC tissues and to suppress HCC
growth through the targeted interference of cyclin D1, CDKS,
and E2F3 in a xenograft mouse model (Xu et al., 2009), while it
was reported to target cyclin El in addition to the above-
mentioned factors in A549 cells (Liu et al., 2008). miR-15b and
miR-16 are down-regulated concomitantly with HSC activation
and their overexpression induces apoptosis and a delay of cell
cycle in HSCs by targeting Bcl-2 and cyclin D1 (Guo et al,,
2009a,b). However, the role of miR-195 in HSCs remains
unknown. We showed here that miR-195 expression was
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decreased during spontaneous activation of primary-cultured
mouse HSCs and that miR-195 interacted with cyclin EI 3’'UTR
and lowered the expression levels of the cyclin EI mRNA and
protein in LX-2 cells. These results suggest that the down-
regulation of miR-195 may associate with the proliferation of
HSCs in fibrotic liver similarly to miR-15 and miR-16. In this
study, the changes of the protein expression levels of E2F3,
CDKé, and cyclin D1, which were reported to be regulated by
miR-195 (Xu etal., 2009), were negligible by miR-195, although
the exact reason for this phenomenon was not determined.
However, because the total context scores obtained by
TargetScan were —0.73 for cyclin EI, —0.33 for E2F3, —0.32 for
cyclin DI, and —0.09 for CDKS, the result obtained here was
thought to be reasonable. In addition, minimal or negligible
effect of miR-195 on the expression of E2F3, CDK4, CDK6, and
cyclin DI was compatible with that of IFN-$ on these factors.
Furthermore, inhibition of miR-195 by miR-195 inhibitor
attenuated the effect of IFN-B on cyclin El expression, though
not so strong. Taken together, it is most likely that the down-
regulation of cyclin El by IFN-f treatment in HSCs is mediated
through miR-195 up-regulation. The mechanism through which
IFN-B induces miR-195 in LX-2 cells need to be explored
further.

It is well known that IFNs induce the expression of p21 in
various cancer cells (Sangfelt etal., 1999; Katayama etal., 2007).
We also observed the up-regulation of p2! in IFN-B-treated
cells. Therefore, p21, in addition to cyclin EI, may play a role in
IFN-induced growth inhibition of HSCs. Until now, it has been
reported that IFNs induce p21 expression through the binding
of STAT and IFN regulatory factor, which are critical signaling
molecules after IFN-IFNAR interaction, to p2| gene promoter
(Gartel and Tyner, 1999). Unexpectedly, we found the up-
regulation of p21 by miR- 195 (Fig. 4). The results obtained here
raise a new possibility that the up-regulation of p2 1 by IFN-B in
HSCs may be partially mediated through miR-195.

In conclusion, type | IFN, in particular IFN-B, inhibited the
proliferation of human HSCs by delaying the cell cycle in G to
early S phase through the down-regulation of cyclin El and
up-regulation of p21. The cyclin El down-regulation and p21
up-regulation were partially mediated by miR-195 that was
up-regulated by [FN-B. This study raises a new mechanistic
aspect of the antifibrotic effect of IFN in liver fibrosis and the
possibility of influencing miR-195 as a therapeutic strategy for
liver fibrosis.
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Growth Hormone-Dependent Pathogenesis of Human
Hepatic Steatosis in a Novel Mouse Model Bearing a
Human Hepatocyte-Repopulated Liver
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Clinical studies have shown a close association between nonalcoholic fatty liver disease and
adult-onset GH deficiency, but the relevant molecular mechanisms are still unclear. No mouse
model has been suitable to study the etiological relationship of human nonalcoholic fatty liver disease
and human adult-onset GH deficiency under conditions similar to the human liver in vivo. We gener-
ated human {h-)hepatocyte chimeric mice with livers that were predominantly repopulated with h-
hepatocytes in a h-GH-deficient state. The chimeric mouse liver was mostly repopulated with h-
hepatocytes about 50 d after transplantation and spontaneously became fatty in the h-hepatocyte
regions after about 70 d. Infusion of the chimeric mouse with h-GH drastically decreased steatosis,
showing the direct cause of h-GH deficiency in the generation of hepatic steatosis. Using microarray
profiles aided by real-time quantitative RT-PCR, comparison between h-hepatocytes from h-GH-
untreated and -treated mice identified 14 GH-up-regulated and four GH-down-regulated genes,
including IGF-1, SOCS2, NNMT, IGFLS, PAAH1, SLCT6A1, SRD5A1, FADST, and AKR1B10, respectively.
These GH-up- and -down-regulated genes were expressed in the chimeric mouse liver at lower and
higher levels than in human livers, respectively. Treatment of the chimeric mice with h-GH ame-
liorated their altered expression. h-Hepatocytes were separated from chimeric mouse livers for
testing in vitro effects of h-GH or h-IGF-l on gene expression, and results showed that GH directly
regulated the expression of IGF-I, SOCS2, NNMT, IGFALS, P4AHT, FADST, and AKR1B10. In conclu-
sion, the chimeric mouse is a novel h-GH-deficient animal model for studying in vivo h-GH-depen-
dent human liver dysfunctions. (Endocrinology 152: 1479-1491, 2011)

o study pathophysiological characteristics of the human
liver, we previously generated a humanized (chimeric)
mouse whose liver was almost completely repopulated with
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human (h-)hepatocytes by transplanting h-hepatocytes into
immunodeficient and liver-damaged mice, which had been
obtained by mating an albumin enhancer/promoter-driven

Abbreviations: AGHD, Adult-onset GH deficiency; Alb, albumin; CK, cytokeratin; GO, gene
ontology; h-, hurman; m-, mouse; 9MM, 9-month-old male; NAFLD, nonalcoholic fatty liver
disease; NASH, nonalcoholic steatohepatitis; ORO, Oil Red O; qRT-PCR, quantitative RT-
PCR; R, replacementindex; SCID, severe combined immunodeficient; uPA, urokinase-type
plasminogen-activator; 25YF, 25-yr-old female; 6 1YF, 61-yr-old female; 28YM, 28-yr-old
male; 57YM, 57-yr-old male.
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urokinase-type plasminogen-activator (uPA) transgenic
mouse with a severe combined immunodeficient (SCID)
mouse (uPA/SCID mouse) (1-3). The replacement index
(RI), the occupancy ratio of h-hepatocytes to the total [h-and
mouse (m-)] hepatocytes in the chimeric mouse liver, indi-
cated the degree of replacement with h-hepatocytes. The
RI in the mice was as high as 96% (1). h-Hepatocytes
therein expressed mRNA for drug-metabolizing enzymes
and transporters as in donor livers (1, 4, 5). However, we
noticed that the mice spontaneously developed hepatic
steatosis as the time after transplantation was prolonged.
The h-hepatocytes of a chimeric mouse are in a GH-defi-
cient state (6) primarily because human cells do not react
with rodent GH (7), thus suggesting that the observed lipid
accumulation in h-hepatocytes was caused by a lack of
available h-GH in chimeric mice.

A concern is increasing about nonalcoholic fatty liver
disease (NAFLD) as a significant complication of obesity
and as a hepatic manifestation of the metabolic syndrome
(8). There are striking similarities between obesity and
untreated adult-onset GH deficiency (AGHD), indicating
that homeostatic imbalance of GH is an etiological factor
of obesity (9). NAFLD is related to hypopituitary and hypo-
thalamic dysfunction (10-12). AGHD is featured as de-
crease in body mass, increase in visceral adiposity, and ab-
normal lipid profile (13), which are associated with hepatic
steatosis (11, 13, 14). One study showed that reduction in
GH concentration was a predictor of NAFLD in adult males
(15) and another that GH administration drastically im-
proved the fatty liver of AGHD patients (13, 14). A suitable
GH-dependent lipogenetic animal model is currently absent,
in which we can investigate the in vivo effects of h-GH on
h-hepatocytes at the cellular and molecular levels.

In this study, we first tested the hypothesis that h-hepa-
tocytes in chimeric mouse liver develop steatosis due to the
lack of circulating h-GH. In fact, hepatic steatosis was
induced in the mouse liver but not when the chimeric mice
were treated with h-GH. We then compared gene expres-
sion profiles between h-GH-treated and -untreated chi-
meric mouse h-hepatocytes to identify h-GH-regulated li-
pogenesis genes. Furthermore, we examined whether
h-GH directly regulates the expression of lipogenesis-re-
lated genes or of h-IGF-I levels using cultured chimeric
mouse h-hepatocytes. As a whole, the chimeric mouse was
proved to be a suitable animal model for studying the
etiological relationship among AGHD, GH, and NAFLD
in GH-related aspects of metabolic syndrome.

Materials and Methods

We performed studies under the ethical approval of the Hiro-
shima Prefectural Institute of Industrial Science and Technology

Endocrinology, April 2011, 152(4):1479-1491

Ethics Board and the Ethics Committee at the Hiroshima Uni-
versity Hospital.

Preparation of h-hepatocyies

Livers were obtained from four donors [a 28-yr-old male
(28YM) and a 57-yr-old male (§7YM) and a 25-yr-old female
{25YF) and a 61-yr-old female (6 1 YF)] after receiving informed
consent before surgery, according to the 1975 Declaration of
Helsinki. h-Hepatocytes were isolated from the liver tissues as
previously reported (1). Real-time quantitative RT-PCR (qRT-
PCR) was performed on these human livers and/or on h-hepa-
tocytes isolated from h-liver tissues (Table 1).

Donor cells for chimeric mice were h-hepatocytes from a Cau-
casian 9-month-old male (9MM) infant and an African-Ameri-
can 6-yr-old girl (6YF) purchased from In Vitro Technologies
(Baltimore, MD) and BD Biosciences Discovery Labware (San
Jose, CA), respectively.

Animals, transplantation of h-hepatocytes, and
treatment of chimeric mice with h-GH

Production of uPA/SCID mice (1) and examination of their
zygosity in uPA transgenes (16) were performed as previously
reported. Homozygotic mice (20-30 d old) were used as hosts
for all transplantation experiments. The 9MM and 6YF hepa-
tocytes (hepatocytesgy g and hepatocytes v, respectively), 7.5~
10.0 X 107 cells per animal, were transplanted into six uPA/SCID
mice (Table 2) for microarray and real-time qRT-PCR analysis
and into 41 mice [36 mice for steatosis analysis (Fig. 1C) and five
mice for steatosis analysis under h-GH treatment (Fig. 2E)], as
previously described (1). Chimeric mice were killed 48118 d
after transplantation.

Three chimeric mice with hepatocytesoyn [10s. 4—6 (Table
2)], three chimeric mice with hepatocytesgyy: [nos. 4—6 (Table
2)], one chimeric mouseqy 4 (not included in Table 2), and one
chimeric mousegyy (not included in Table 2) were continuously
infused with 2.5 mg/kg-d h-GH (Wako, Osaka, Japan) through
an sc-implanted Alzet micro-osmotic pump (Alza Corp., Palo
Alto, CA) for 2 wk before killing (6, 17). Blood h-albumin (Alb)
and serum h-IGF-1 in the mice were quantified as previously
reported (6).

Immunohistochemistry, lipid staining, and grading
of steatosis in h-hepatocytes of chimeric mouse
liver

Formalin-fixed paraffin sections from the left lateral lobe of
six chimeric mice,y¢ were stained with mouse anti-h-cytokeratin
(CK) 18 monoclonal antibodies (clone CD10; Dako Cytoma-
tion, Glostrup, Denmark) that did not react m-hepatocytes as

TABLE 1. Human liver tissues used in real-time qRT-
PCR

Objectives Age (yr) Sex RT-PCR
25YF 25 F Cell and tissue
28YM 28 M Cell and tissue
57YM 57 Y Cell
61YF 61 F Cell and tissue

F, Female; M, male.
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TABLE 2. Chimeric mice used in microarray analysis and real-time gRT-PCR
Animal h-Alb in h-IGF-1
number Treatment Days after blood in sera Rl (%)° or Microarray
Donors (sex) with h-GH? transplantation (mg/ml) (ng/ml) Rlimmuno (%)° or RT-PCR
IMM G - 72 16.1 ND >95° Cell
2(F - 75 10.4 ND >95%
3(F) = 101 6.0 ND 80°
4 (M) + 75 8.1 ND 95*
5(F) +- 75 6.2 ND 80°
6 (F) + 75 5.9 ND 80°
6YF 1(F) = 97 3.5 <94 75.1¢ Tissue
2 (F) == 90 6.5 <94 78.1¢
3(F) - 1M1 5.2 <94 70.2¢
4 (M) + 84 5.3 69.6 85.3¢
5 (F) + 84 3.7 64.8 70.3¢
6 (F) + 84 5.9 83.0 81.5¢

F, Female; M, male; ND, not determined.
2 —, untreated with h-GH; +, treated with hGH.

bR calculated by the blood h-Alb levels using the formula of the correlation curve y = 0.0006x2 + 0.0281x — 0.0042 (> = 0.60) in which x and y

represent Rl and blood h-Alb level, respectively.
¢ Rl determined by immunohistological staining of liver sections.

previously described (18). The area occupied by h-CK18-posi-
tive (h-CK18") hepatocytes was identified to calculate RI (1).

Frozen sections were prepared from the livers of five h-GH-
treated and 36 chimeric h-GH-untreated mice,vy: and stained
with Oil Red O (ORO). When necessary, serial sections were
stained with anti-h-CK8/18 antibodies (MP Biomedicals, Au-
rora, OH) that did not react with m-hepatocytes as previously
described (19). Steatosis grading of h-hepatocytes was per-
formed on ORO-stained chimeric mouse liver sections as fol-
lows: grade 0, no lipid droplets; grade 1, appearance of small
lipid droplets; grade 2, small and middle-sized lipid droplets;
grade 3, small to large droplets (Fig. 1B).

Isolation of h-hepatocytes from chimeric mouse
livers for gene expression profiles

Livers were isolated 72—-101 d after transplantation from h-
GH-untreated control chimeric micegyn [n0s. 1-3 (Table 2)]
and h-GH-treated chimeric micegy g [n0s. 4~6 (Table 2)]. These
livers were disaggregated by two-step collagenase perfusion as
previously described (20), except perfusion was for 20 min and
centrifugation was three times 2 min at 50 X g. Pelleted hepa-
tocytes (h-hepatocytes yimeric mouse) Were treated with RLT buf-
fer solution in an RNeasy Mini kit (QIAGEN K.K., Tokyo, Ja-
pan) and stored in a deep freezer until RNA isolation for
microarray and real-time qRT-PCR.

Purity of h-hepatocytes ,imeric mouse

We previously established the correlation curve for chimeric
miceoyn between the blood h-Alb concentration and R .00
which is determined immunohistologically from liver tissue sec-
tions (1). The correlation curve predicted that chimeric miceqy
for microarray and real-time qRT-PCR examinations had a RI-
A higher than 80% (Table 2). Apparently, this RI was a lower
estimation of the real h-hepatocyte purity in hepatocyte prepa-
rations because m-hepatocytes were often lost during collage-
nase digestion due to fragility against the enzyme. Thus, the
correct h-hepatocyte purity in the hepatocytes ,imeric mouse/onM
(hepatocytes isolated from chimeric mouse liver bearing
h-hepatocytesgy ) was determined as follows. Among chimeric

micegvy, we selected 10 mice whose RIy;, at the time of death
was similar to that of the chimeric miceyym; and isolated h-
hepatocytes imeic wouse from them. They were incubated with
K8216 antibodies that react with the cell surface of h- but not
m-hepatocytes (21) and then with secondary antibody, followed
by fluorescence-activated cell sorting analysis to determine the
percentage of h-hepatocytes in the hepatocytes imeric mouser 1N€
h-hepatocyte purity was 90.8 * 6.4% (n = 10). The presence of
m-hepatocytes in hepatocytes pimeric mouse At less than 10% did
not affect microarray assays as described in Results.

Microarray analysis

RNAs were extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA) from h-hepatocytes and h-liver tissues isolated
from h-GH-untreated and -treated chimeric mice and were
used for microarray analysis at the hepatocyte and liver tissue
levels, respectively (Table 2). The array profiles were com-
pared between h-GH-treated and -untreated samples, and sta-
tistical significance tests were performed. We deposited our
array data to NCBI GEO (Gene Expression Omnibus,
http://'www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE26224,

GEO ID GSE26224).

Microarray at the hepatocyte level

Six chimeric micegpyy [n0s. 1-6 (Table 2)] were used in the
hepatocyte level microarray assay. Half of the chimeric mice
(nos. 1-3) were as h-GH-untreated control animals and the re-
maining half (nos. 4-6) as h-GH-treated animals by treating
with h-GH during the last 2 wk before killing, h-Hepato-
CYLES pimeric mouse Were isolated from h-GH-untreated and -treated
chimeric micegy at 72-101 d and 75 d after transplantation,
respectively, for total RNA isolation.

The RNA samples were treated with deoxyribonuclease
(QIAGEN K.K.), purified using ribonuclease-free deoxyribonu-
clease set (QIAGEN K.K.) and RNeasy Mini Kit (QIAGEN
K.K.), and applied to an Affymetrix GeneChip Human Genome
U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA) that had been
spotted with 54,675 human transcripts. Microarray data were
normalized using GCOS software version 1.3 (Affymetrix). The
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FIG. 1. Lipid accumulation in chimeric mouse h-hepatocytes. Chimeric
micegye were killed 48-111 d after transplantation for histological
examinations by hematoxylin and eosin (A) and ORO liver staining (B).
A, h-Hepatocyte regions in the mice killed at 55 d (55D) (a) and 83 d
(83D) (b). No visible cytoplasmic vacuolation in the h-hepatocytes at
55 d, but extensive and intensive vacuolation at 83 d. B, Grading of
steatosis. Photos of typical staining show various levels of lipid
accumulation with nuclei stained blue. Lipid accumulation was graded
as described in the text: a, grade 0 (55 d); b, grade 1 (77 d); ¢, grade 2
(83 d); d, grade 3 (97 d). Bars, 100 um. C, Relationship between
steatosis grade and duration (days) after transplantation. The steatosis
grade increased according to the following relationship: y = 0.0002x?
+ 0.0102x — 0.4416, where x is days after transplantation, and y is
steatosis grade. The correlation coefficient was r? = 0.3455. The
dashed line represents the best-fit curve for the above equation.

obtained mRNA expression profiles were referred to as profiles
at the hepatocyte level: profiles of h-GH-untreated (n = 3) and
h-GH-treated h-hepatocytes i emic mouse (11 = 3).
Microarray analysis at the liver tissue level

Six chimeric micegyp [nos. 1-6 (Table 2)] were used for the
liver tissue-level assay. Half of six chimeric mice vy (nos. 4-6)
were treated with h-GH, and the other half (nos. 1-3) served as
controls. Liver tissues consisted of three visually identifiable re-
gions of different colors. White, red, and medium-colored re-
gions between the white and red regions corresponded to those
of original diseased m-hepatocytes, uPA gene-deleted m-hepa-
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FIG. 2. Effects of h-GH on liver steatosis. Five chimeric micegye
were given h-GH in the last 2 wk before being killed 70-90 d after
transplantation. Twenty-eight of the miceg, shown in Fig. 1C were
killed at 70-90 d as h-GH-untreated animals. A-D, Histology. A
control (6YF, no. 1 in Table 2) (A) and h-GH-treated mouse (6YF no.
4 in Table 2] (B) were killed at 97 and 84 d after h-hepatocyte
transplantation, respectively, for h-CK8/18 immunohistochemistry
to identify h-hepatocytes. Primary antibodies were visualized with
Alexa 594-conjugated anti-m-lgG goat sera (Molecular Probes,
Eugene, OR). Serial sections from the control (C) and h-GH-treated
mouse (D) were stained with ORO. Small to large droplets are
diffusely distributed in h-hepatocytes from control chimeric liver
(grade 3) but are absent in h-GH-treated animals (grade 0); m and h
indicate regions of m- and h-hepatocytes, respectively. Dotted lines
show the boundary between the two regions. Bar, 100 um. E,
Steatosis graded for 28 controls (white bars) and five h-GH-treated
chimeric mice (black bar). Arabic numerals in the bars represent the
percentage in each case (control or h-GH-treated animals). All h-
GH-treated chimeric mice were of grade 0.

tocytes, and h-hepatocytes, respectively (1). h-Hepatocyte re-
gions were dissected from livers of chimeric mice4 - using a razor
blade for RNA extraction. The obtained mRNA expression pro-
files were referred to as profiles at the liver tissue level.

Determination of gene expression by real-time
gRT-PCR

mRNA expression was determined by real time qRT-PCR in
human livers and h-GH-untreated and -treated chimeric mouse
livers for h-GH-regulated genes selected from microarray anal-
ysis and lipogenesis-related genes (Table 3). Sources for extrac-
tion of total RNA are shown in Tables 1 and 2. cDNA was
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TABLE 3. Primers

Gene Forward primers (5'-3') Reverse primers (5'-3')
IGF-I GCTTCCGGAGCTGTGATCTAA GCTGACTTGGCAGGCTTG
SOCs2 GCAAGGATAAGCGGACAGG GCGGTTTGGTCAGATAAAGGT
NNMT CCGGGAGGCAGTAGAGGC GTCCTTCGTTGTTGGCCAT
IGFLS TCTGCAGGGCGAAGTCC
KLOTHO AGCCATTATACCACCATCCTTG GTCGGTCATTITCTTGCACTTCTA
P4AH1 TGGATACCCATTTGTTGCCA
SLC16A1 TGCTGGAGCCCTCATGC TTCCAGCTTTCTCAAGGGATG
SRD5A1 TACGTATTCAAATAAGCCTCCCCT
SCD TCAAAACAGTGTGTTCGTTGC CATAAGGACGATATCCGAAGAGG
FADS1 CAGGCCACATGCAATGTC ATCTAGCCAGAGCTGCCCTG
FADS2 GGCTCTCCAGGAACCTGATG
FASN GGCAAATTCGACCTTTCTCAG AGGACCCCGTGGAATGTC
DGAT2 ACGGCCTTACCTGGCTACA AGACATCAGGTACTCCCTCAACAC
ADPN CCTCCAGGTCCCAAATGCC CCAGTCCTGCTCAGGTGTGC
AKR1B10 GGCCTGTAACGTGTTGC ATGGGACATGAGTGGAGG
SREBP1c CATGGATTGCACATTTGAAG CAGAGAGGAGGCCAGAGAA
FABP GATCCAAAACGAATTCACGG ATTGTCACCTTCCAACTGAACC
GAPDH CCACCTITGACGACGCTGGG CATACCAGGAAATGAGCTTGACA

synthesized using 1 pg RNA and PowerScript reverse transcrip-
tase (Clontech, Mountain View, CA) and oligo-deoxythymidine
primers (Invitrogen) and was subjected to real-time qRT-PCR
following the manufacturer’s instructions. Genes were amplified
with a set of gene-~specific primers (Table 3) and SYBR Green
PCR mix in a PRISM 7700 sequence detector (Applied Biosys-
tems, Tokyo, Japan). These primers were capable of amplifying
human, but not mouse, genes. PCR products were monitored
during amplification. All data were calculated by the compara-
tive threshold cycle (Ct) method (22). Occupancy rates of h-
hepatocytes in h-hepatocyte regions ranged from 70-95% (Ta-
ble 2). Contamination of m-hepatocytes did not affect RT-PCR
results of human gene expression because each gene’s expression
level was normalized against h-GAPDH.

Responsiveness of h-hepatocytes, imeric mouse 10
h-GH and h-1GF-I

Hepatocytes synthesize and secrete IGF-1 when GH receptors
are activated by GH (23). To determine whether h-GH directly
regulates GH-responsive genes or h-IGF-I, h-hepatocytes,y:
(9 % 107 cells) from three chimeric mice were cultured in 1.8-cm
Matrigel-coated dishes in DMEM as previously reported (24),
and 4 h later, they were exposed with 0, §, and 50 ng/ml h-GH
or 50 and 500 ng/ml h-IGF-I for an additional 24 and 48 h and
harvested in RLT buffer to prepare total RNA for real-time
qRT-PCR.

Gene enrichment analysis

Gene and gene ontology (GO) information were collected
from NCBI build 37.1 (ftp:/frp.ncbi.nlm.nih.gov/gene/
DATA/gene2go.gz) and The Gene Ontology (http://www.
geneontology.org/ontology/gene_ontology.obo) sites, respec-
tively. Pathway information was collected from KEGG (fep://
ftp.genome.jp/pub/kegg/pathway/organisms/hsa/hsa_gene_map.
tab) and Ingenuity Pathways Analysis (IPA) software (Ingenuity
Systems, Redwood City, CA). The gene enrichment analysis was
performed using only GO and pathway groups where at least two
genes or more were assigned.

Statistics

Microarray data were evaluated by the Welch’s # test (two-
sided). The gene enrichment analysis was calculated using Fish-
er’s exact test and corrected with Benjamini-Hochberg’s false
discovery rate (25). The significance of overlap between two
groups of transcripts was determined using Fisher’s exact test.
Log,o-transformed data obtained in real-time qRT-PCR analysis
of in vivo and in vitro studies were analyzed among groups by
ANOVA. When the overall F statistics were significant, signifi-

cance was determined by the Scheffé’s test with significance level
« = 0.0S.

Results

Lipid accumulation in chimeric mouse livers
Hepatocytes,yp were transplanted to uPA/SCID mice,
and the process of h-hepatocyte repopulation in host livers
was visualized using hematoxylin- and eosin-stained his-
tological sections. Vacuoles appeared in the cytoplasm of
donor h-hepatocytes approximately 70 d after transplan-
tation and gradually increased in numbers and sizes there-
after (Fig. 1A, a and b). To test whether these vacuoles
represent lipid deposits, 36 chimeric mice gy were killed
48-111 d after transplantation (five before 60 d, 28 be-
tween 70 and 90 d, and three after 90 d) for ORO staining
of liver sections (Fig. 1B). Most of the chimeric liver h-
hepatocytes became ORO™ approximately 70 d after
transplantation. The steatosis level was quantified by the
size and frequency of ORO™ lipid droplets from grade 0
(Fig. 1Ba) to grade 3 (Fig. 1Bd) and plotted against post-
transplantation days (Fig. 1C). Among five livers before
60 d of transplantation, one and four livers were of grade
0 and [, respectively (Fig. 1C). Most of the livers between
70 and 90 d were of grade | (11 of 28 mice) and grade 2
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(nine of 28). All three livers after 90 d were of grade 3,
showing a good correlation of the steatosis level with post-
transplantation duration (~50-110d). h-IGF-Iserum lev-
els of chimeric micegyp, a measure of h-GH level, were
under a detection limit of 9.4 ng/ml (n = 3), which sup-
ported our previous study that chimeric mouse h-hepato-
cytes were h-GH deficient (6). Therefore, we considered
h-GH deficiency as an etiological factor in the observed
hepatic lipogenesis.

Improvement of liver steatosis in chimeric mice by
h-GH

To examine the relationship of steatosis with-GH-de-
ficiency, five chimeric miceyyy at different time points af-
ter transplantation were infused with h-GH during the last
2 wk before killing (one mouse was killed at 83 d, three at
84 d, and the remaining one at 89 d) and were used as
h-GH-treated chimeric mice. Twenty-eight of 36 chimeric
micegyy that were used in the experiment shown in Fig. 1C
and killed 70-90 d after transplantation served as con-
trols. The h-IGF-I serum level rose to 72.5 + 9.4 ng/ml
(n = 3) in h-GH-treated mice, a level comparable to that
in normal human sera, proving the effectiveness of the
h-GH treatment. Serial histological sections were immu-
nostained for h-CK8/18 to identify h-hepatocytes (Fig. 2,
A and B) and stained with ORO (Fig. 2, Cand D). ORO™
droplets were present in the control mouse h-hepatocytes
(Fig. 2, A and C) but were not in h-GH-treated ones (Fig.
2,Band D). Some host m-hepatocytes also contained small
cytoplasmic ORO™ droplets (Fig. 2, A and C), probably
due to uPA damage because even after h-GH treatment,
these lipid droplets remained (Fig. 2, B and D). Steatosis
grading on liver sections showed that most of the control
mouse livers (93%) were of grade 1-3: 39, 32, and 21%
for grades 1, 2, and 3, respectively (Fig. 2E). All h-GH-
treated livers were of grade 0. Therefore, we concluded
that h-GH plays a critical role in the etiology of human
liver steatosis.

h-GH-induced changes in gene expression profiles
at the hepatocyte level

Hepatocytes were isolated from three h-GH-untreated
chimeric micegygy 72-101 d after transplantation (nos.
1-3) and three h-GH-treated chimeric miceqgyny 75 d after
transplantation (nos. 4-6) for microarray analysis (Table
2). We found 15,826 positive transcripts (29%) in 54,675
spotted transcripts in either h-GH-untreated or -treated
h—hepatocyresd‘imk i Among these, 229 (1.4%) and 269
(1.7%) transcripts showed more than 2-fold higher and
lower expression levels in h-GH-treated than -untreated h-
hepatocytes, respectively. Statistical evaluation at P < 0.05
selected 58 genes (82 transcripts) from 229 transcripts as

Endocrinology, April 2011, 152(4):1479-1491

up-regulated in h-GH-treated h-hepatocytes gaic mouse:
Similarly, 33 genes (37 transcripts) were selected from the
269 transcripts as down-regulated genes.

Gene enrichment analysis on transcripts showing more
than 2-fold changes selected the significantly overrepre-
sented (GH-induced and -suppressed) GO terms and path-
ways including GH signaling, IGF-I receptor binding, re-
sponse to hormone stimulus, lipid biosynthetic process,
and aging (Table 4 and Supplemental Table 1, published
on The Endocrine Society’s Journals Online web site at
http://fendo.endojournals.org).

TABLE 4. Extracted significantly overrepresented GO
terms and pathways

B-H FDR
Pathway, or GO term P value g-value
Hepatocyte level
Pathway
GH signaling 0.000244 0.00830
GO molecular function
IGF receptor binding 3.77 X 107° 0.00464
GO biological process )
Response to 430 x 10™° 0.00556
hormone stimulus
Lipid biosynthetic 0.000898 0.0251
process
Lipid metabolic 0.00122 0.0284
process
Aging 0.00288 0.0334
Regulation of fatty 0.00353 0.0358
acid biosynthetic :
process
Regulation of lipid 0.0241 0.0947
metabolic process
Tissue level
Pathway ]
Biosynthesis of 2.78 x 107> 0.000584
unsaturated fatty
acids
GH signaling 0.0116 0.0612
GO molecular function
Stearoyl-coenzyme 878 x 1073 0.00382
A 9-desaturase
activity
IGF receptor binding 0.00256 0.0500
GO biological process
Fatty acid metabolic 0.000189 0.00585
process
Lipid metabolic 0.000739 0.0133
process
Oxidation reduction 0.00312 0.0288
Response to 0.00468 0.0346
hormone stimulus
Aging 0.00627 0.0392
Unsaturated fatty 0.0186 0.0692

acid biosynthetic
process

B-H FDR, Benjamini-Hochberg's false discovery rate.
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h-GH-induced changes in gene expression profiles
at the liver tissue level

Identical microarray analysis was performed at the liver
tissue level with six chimeric micegyy (Table 2), with half
(nos. 1-3) being used as controls and the other half (nos.
4-6) as h-GH-treated mice. In this analysis, h-hepatocyte-
repopulated regions were dissected from liver tissues of
these animals and used as h-liver imeric mouse 25 RINA
sources for microarray analysis in which 54,675 tran-
scripts were spotted as in the case of the hepatocyte-level
analysis. Transcripts positive for either h-GH-untreated
or ~treated h-liver i eric mouse Were 18,210 (33%) tran-
scripts, among which 146 (0.8%) and 237 (1.3%) tran-
scripts were expressed at more than 2-fold higher and
lower levels, respectively, in h-GH-treated tissues than in
h-GH-untreated controls. Through statistical evaluation
(P < 0.05), we identified 43 genes (64 transcripts) and 55
genes (76 transcripts) as up- and down-regulated genes by
h-GH from the 146 and 237 transcripts, respectively.

endo.endojournals.org 1485

Gene enrichment analysis on transcripts showing more
than 2-fold changes selected the significantly overrepre-
sented (GH-induced and -suppressed) GO terms and path-
ways including biosynthesis of unsaturated fatty acids,
GH signaling, stearoyl-coenzyme A desaturase (SCD) ac-
tivity, IGF receptor binding, oxidoreductase activity, fatty
acid metabolic process, aging were significantly changed
(Table 4 and Supplemental Table 2).

In summary, we selected 58 up-regulated and 33 down-
regulated genes from the h-hepatocyte-level assay and 43
up-regulated and 55 down-regulated genes from the h-
liver tissue-level assay. From them, we chose genes that
were commonly up- and down-regulated at both the he-
patocyte and liver tissue levels. As a result, 14 up-regulated
genes (23 transcripts) and four down-regulated genes (five
transcripts) were finally identified as more reliable candi-
dates for h-GH-responsive genes as listed in Table S, in
which the expression ratios at the hepatocyte level [h-GH-
treated h-hepatocytes i neric mouse ¥S- h-GH-untreated h-

TABLE 5. h-GH-regulated genes

Cell level, treated/ Tissue level,

untreated treated/untreated
Affymetrix Gene Accession RT- RT-
ID symbol Number Gene name Microarray PCR®  Microarray  PCR?
Up-regulated
209988_s_at ASCL1 NM_004316.3 Achaete-scute complex-like 1 123.39 - 151.42 -
209540_at IGF1* AU144912 IGF- 179.66 159.83 34.19 35.45
203373_at 50CSs2* NM_003877  Suppressor of cytokine signaling 2 39.01 73.79 13.91 53.20
202237_at NNMT? NM_006169  Nicotinamide N-methyltransferase 46.02 40.09 14.28 20.79
205978 _at KL® NM_004795  Klotho 39.90 22.50 6.58 8.45
207543_s_at  P4HAT®  NM_000917  Procollagen-proline, 2-oxoglutarate 15.17 11.99 9.69 9.03
4-dioxygenase, a-polypeptide |
203498_at DSCR1LT  NM_005822  Down syndrome critical region 5.77 - 4.06 -
gene 1-like 1
215712_s_at  IGFALS®  AW338791 IGF-binding protein, acid labile 5.29 9.49 7.29 13.63
subunit
209967 _s_at CREM D14826 cAMP-responsive element 4.41 - 2.76 -
modulator
207256_at MBL2 NM_000242  Mannose-binding lectin 2, soluble 3.44 - 2.09 -
222108_at AMIGOZ  AC004010 Adhesion molecule with Ig-like 2.89 - 2.84 -
domain 2
201309_x_at Chkorfi3  U36189 Chromosome 5 open reading 2.75 - 3.47 -
frame 13
202234 s_at  SLCI6AT® BF511091 Solute carrier family 16, member 1 2.74 2.29 4.14 3.84
211056_s_at SRD5A1®  BC006373 Steroid-5-a-reductase, a- 2.29 1.99 2.03 1.72
polypeptide 1
Down-regulated
208964 _s_at  FADS?1? AL512760 Fatty acid desaturase 1 0.43 0.51 0.36 0.29
219295 s _at  PCOLCE2 NM_013363  Procollagen C-endopeptidase 0.37 - 0.45 -
enhancer 2
206561 _s_at  AKRTB10° NM_020299  Aldo-keto reductase family 1, 0.22 0.22 0.19 0.13
member B10
202628_s_at SERPINE1 NM_000602  Serine proteinase inhibitor, clade E, 0.17 - 0.28 -

member 1

Treated indicates h-GH-treated chimeric mouse, whereas untreated indicates h-GH-untreated chimeric mouse. —, Not determined.

? The expression level of each gene was divided with that of h-GAPDH.

“ Gene expression levels were determined by both microarray assay and real-time qRT-PCR.
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hepatocytes imeric mouse (cell level, treated/untreated)] and
atthetissue level [h-GH-treated h-liver gmeric mouse £S- ~Uin-
treated h-liver i, cric mouse (tissue level, treated/untreated)]
are presented for each gene. P values for overrepresenta-
tion of the overlapping genes (up- and down-regulated
genes in both hepatocytes and liver tissue levels) were
5.34 X 107 and 1.92 X 107, respectively, which indi-
cates the significance of the overlapping.

The microarray assay’s results were validated by real-
time qRT-PCR using RNA extracted from the sources
shown in Table 2 on arbitrarily selected eight and three
genes from the above final 14 h-GH-up- and four h-GH-
down-regulated genes, respectively: IGFE-I, suppressor of
cytokine signaling 2 (SOCS2), nicotinamide N-methyl-
transferase (NNMT), KL, P4HA1,IGFALS, solute carrier
family 16/member 1 (SLC16A1), and steroid-§-a-reduc-
tase and a-polypeptide 1 (SRDSA1) as h-GH-up-regu-
lated genes and fatty acid desaturase (FADS1) and aldo-
keto reductase family 1/member B10 (AKRI1B10) as
h-GH-down-regulated genes. The expression ratios (treat-
ed/untreated) calculated from the qRT-PCR results are
included in Table 5, which well support the microarray
data, indicating the reliability of the microarray data.

There was the possibility that mouse transcripts were
also included as the cDNAs hybridized in the currently
adopted microarray assay. To check this possibility,
pooled cDNAs of three uPA/SCID mouse livers were sub-
jected to the microarray with 54,675 cDNA spots, which
gave a result that 5,643 of 54,675 transcripts (10.3%)
were positive. Sixteen genes among the genes listed in Ta-
ble 5 were not found in these positive genes, but two genes,
SOCS2 and IGFALS, both h-GH-up-regulated genes,
were found there. Considering that the cross-hybridized
signals were less than 10% of those in the GH-untreated
hepatocytes pimeric mouse and the contamination of mouse
hepatocytes in the h-hepatocyte preparation used in the
present study was less than 10% (Table 2, 9MM nos.
1-6), we concluded that their ratios of treated to untreated
genes were high enough to include them as h-GH-regu-
lated genes in the present study. This conclusion was fur-
ther validated by measuring m-Alb mRNA expression lev-
els in the h-livergimeric mouser Real-time qRT-PCR was
performed for RNAsisolated from h-liver imeric mouse ( 12~
ble 2, 6YF nos. 1-6) using a set of m-Alb primers. The
result showed that m-Alb expression levels in the
h-liver gyimeric mouse Were 0.5 + 0.2% of those of the uPA/
SCID mouse liver. As a whole, it can be said that the cross-
reactivity does not affect the results in the present study.

Improvement of gene expression by h-GH
Real-time qRT-PCR was performed for livers of h-
GH-untreated chimeric, h-GH-treated chimeric mice,

Endocrinology, Aprit 2011, 152(4):1479-1491

and humans, the last of which accurately reflect the
physiology of h-GH endocrine regulation. The h-GH-
untreated and -treated h-hepatocytes yimeric mouse Were
isolated from nos. 1-3 and nos. 4-6 of chimeric
micegypy, respectively (Table 2). The h-GH-untreated
and -treated h=liver ,;meric mouse Were isolated from nos.
1-3 and nos. 4 -6 of chimeric mice sy, respectively (Table 2).
The h-hepatocytesy, o, and h-livery,,,.., were isolated from
four (28YM, 57YM, 25YF, and 61YF) and three (28YM,
25YF, and 61YF) donors, respectively (Table 1). Expression
levels in h-hepatocytes pimecic mouse A0 h-lVer yimeric mouse
under h-GH-untreated and -treated conditions were divided
by the h-hepatocytey,,., and the h-livery,an, respectively,
which is shown as the hepatocyte ratio (white bars) and liver-
tissue ratio (black bars), respectively (Fig. 3). The ratios are
used as measures of the extent of difference/closeness of the
gene expression level in h-GH-treated or -untreated chimeric
livers from/to that in human liver. If h-GH improves gene
expressions in chimeric mouse livers, ratios for h-GH-up-
regulated genes in h-GH-untreated and -treated chimeric
liver ave expected to be less than 1 and approximately 1,
respectively, and ratios for h-GH-down-regulated genes in
h-GH-untreated and -treated chimeric liver are expected to
be more than 1 and approximately 1, respectively.

Expression levels of a total of eight h-GH-up-regulated
genes were compared between h-GH-untreated and
~treated chimeric mice at both hepatocyte and liver tissue
levels. The results of the h-GH-up-regulated genes are
shown in Fig. 3A. Generally, the expressions of the genes,
except KL, were significantly suppressed in the absence of
h-GH at both the hepatocyte and liver tissue levels. Ex-
pression in h-GH-treated cases was similar to that in hu-
man livers: IGF-I and P4AH1 at the tissue level and
IGFALS and SLC16A1 at both levels. KL expression in
h-GH-untreated chimeric mice was similar to that in hu-
man livers at both levels, and h-GH treatment markedly
increased expression over that in human livers at both
levels, suggesting that its expression is greatly up-regu-
lated by GH. I vivo, h-GH-up-regulated genes of human
livers are likely positively induced by GH.

Our results on suppression of spontaneous lipogenesis
by GH (Fig. 2) and a reported relationship between GH-
responsive genes and lipogenesis-related genes (26) sug-
gest an association between the h-GH-responsive genes
listed in Table S and the observed hepatic lipogenesis.
Gene enrichment analysis showed that h-GH-responsive
genes were enriched as those involved in the lipid synthesis
process, lipid metabolic process, and regulation of fatty
acid biosynthetic process (Table 4). Of the two down-
regulated genes, FADST is known to be lipogenesis related
(27), and AKRIBI10 was recently reported to regulate
fatty acid synthesis (28). Five genes were additionally cho-
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FIG. 3. Regulation of gene expression in h- hepatocy’(esm,,,,e,(c ‘mouse by h-GH at the hepatocyte
and liver tissue levels. Six chimeric miceguy, and six chimeric micegys were produced (Table 2); half
of each group (nos. 1-3 for both the chimeric micegy,, and chimeric micesy) served as control
animals, and the remaining half (nos. 4~6 for both the chimeric miceg and chimeric micegye)
were treated with h-GH. h-Hepatocytes imeric mouse aNd NHIVETS imeric mouse Were isolated from
the former and latter chimeric mice, respectively. h-Hepatocytes,,yman and h-livers, ma. were also
isolated from four (25YF, 28YM, 57YM, and 61YF) and three (25YF, 28YM and 61YF) human
donors, respectively (Table 1). RNA was isolated from the hepatocytes and liver tissue for real-time
gRT-PCR analysis. gRT-PCR was performed for eight h-GH-up-regulated (&) and eight lipogenesis-
related (B) genes. The expression level of each gene was normalized against that of h-GAPDH.
The expression level of h-GH-untreated h-hepatocytes pimeric mause 80c h-GH-treated h-
hepatocytes yimeric mouse Was divided by that of h-hepatocytes,mon (Fationepatoepe) Similarly, the
expression level of h-lvers,ymeric mouse Was divided by that of h-livers,men atioy,). White and
black bars represent the rationepsiocye aNd the ratioy,., respectively. Each value represents the
mean = sp. Asterisks above bars of untreated chimeric mouse show significance between human
and GH untreated chimeric mouse. Asterisks above bars of treated chimeric mouse show
significance between human and GH-treated chimeric mouse. *, P < 0.05; **, P < 0.01.
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sen to examine the relationship be-
tween h-GH-down-regulated genes
and known lipogenic genes from previ-
ous studies: FADS2 (27), SCD (29),
FASN (30), diacylglycerol acryltrans-
ferase 2 gene (DGAT2) (31), and the
adiponutrin gene [ADPN (32), cur-
rently known as PNPLA3 (33)]. These
genes were included as h-GH-down-
regulated genes at either the hepatocyte
or liver tissue level in the microarray
assay; FADS2 and SCD were signifi-
cantly (P < 0.05) down-regulated only
at the liver tissue level, FASN was in-
significantly (>2-fold) down-regulated
only at the hepatocyte level, DGAT2
was insignificantly (>2-fold) down-reg-
ulated only at the hepatocyte level, and
ADPN significantly (P < 0.05) decreased
its expression only at the hepatocyte
fevel. Two known GH-inducible lipogen-
esis-related genes, SREBPIc (34-36)
and fatty acid-binding protein gene
(EABP) (24, 37), were also chosen from
previous studies,

Expression of a total of nine genes was
compared between human livers and h-
GH-untreated and
mice at both hepatocyte and liver tissue
levels as above. Results for lipogenesis-
related genes are shown in Fig. 3B. Ratios
of three genes, FADS] (significant at tis-
sue level), FADS2 (significantat both lev-
els), and AKRIB10 {significant at both
levels), were higher in the h-GH-un-
treated chimeric mice compared with hu-
mans, and h-GH treatment lowered the
ratios of SCD (significant at both levels),
FADS1 (significant at tissue level),
FADS2 (significant at tissue level), and
AKRI1B10 (significant at hepatocyte
level). Although not significantly, ratios
of FASN and DGAT2 were also higher in
the h-GH-untreated chimeric mice com-
pared with humans and decreased by
h-GH treatment. ADPN expression in h-
GH-untreated chimeric mice was close to
that in humans at both levels, and h-GH
treatment decreased ratios (insignifi-
cant). Thus, it is most likely- that these
lipogenesis-related genes are down-regu-
lated by h-GH. Ratios of SREBP1c¢ (Fig.

-treated chimeric
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3B) and FABP (data not shown) genes did not show any
meaningful changes by h-GH at either the hepatocyte or liver
tissue level under the observed endocrinological conditions,
although SREBP1 expression was significantly lower at tis-
sue levels in h-GH-untreated chimeric mice compared with
human.

Deletion of GH receptor gene (GHR) in mice resulted
in an increase of insulin receptor gene (IRS) expression
(38) and a reduction of plasma levels of IGF-1, insulin, and
glucose, implying that the mice increased insulin sensitiv-
ity (39, 40). These studies suggested the possibility that
chimeric mice are insulin sensitive. Thus, we examined
whether chimeric mice are insulin sensitive by determining
the expression levels of h-GHR and h-IRS. Real-time qRT-
PCR analysis showed that h-GHR and h-IRS expression lev-
els in chimeric mice were similar or higher than humans, and
h-GH administration of chimeric mice did not affect these
observed expression levels. However-chimeric mice did not
show any sign of insulin resistance or sensitivity in a sugar
tolerance test (data not shown). As a whole, we currently
consider that chimeric mice are not insulin sensitive.

In vitro effects of h-GH on gene expressions in
h-hepatocytes

We asked whether the aforementioned effects of h-GH
on the h-GH-up-regulated gene and lipogenic gene expres-
sion in chimeric mouse livers in vivo are reproducible in
vitro. h-Hepatocytes vy isolated from three chimeric mice
with RI,y, higher than 95% at 70-80 d after transplan-
tation were cultured for 24 and 48 h in the presence and
absence of h-GH and h-IGF-1, followed by determination
of expression levels of the eight h-GH-up-regulated genes
by real-time gRT-PCR (Fig. 4A). Expression of IGF-I,
SOCS2, NNMT, IGFALS, and P4AH1 were significantly
increased by h-GH in a dose-dependent manner, but h-
IGF-1 did not enhance expression of the genes, indicating
the direct the action of h-GH on the expression of these
genes. The remaining three genes (KL, SLCI6A1, and
SRDSAT) were not responsive to h-GH or h-IGF-I.

Results for lipogenic genes (SCD, FADS1, FADS2,
FASN, DGAT2, ADPN, AKR1B10, and SREBP1c) are
shown in Fig. 4B. Only FADS1, DGAT2, SREBP1¢, and
AKR1B10 significantly decreased the expression at 24 or
48 h exposure of 50 ng/ml h-GH. Although insignificant,
SCD, FADS2,and FASN were decreased by GH exposure.
The expression levels of the eight genes did not signifi-
cantly change by h-IGF-I,

Discussion

GH regulation of lipogenic genes has been generally stud-
ied using rodents (34~37, 41-43), and no suitable animal
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model whose liver mimics the human liver has been avail-
able. Currently, we propose an h-hepatocyte-bearing chi-
meric mouse as one such model, in which heavy lipid ac-
cumulation spontaneously takes place in h-hepatocytes
more than 2 months after transplantation but does not
when the animals are administered h-GH. Using this
model, we demonstrated that h-GH deficiency is a cause of
the steatosis and identified 14 and four genes as h-GH-up-
and -down-regulated genes at both the hepatocyte and
liver tissue level, in which three new lipogenic genes
(FADSI, FADS2, and AKR1B10) were included. Regard-
ing h-GH-down-regulated genes, we characterized an ad-
ditional seven lipogenic genes, although these genes were
h-GH down-regulated only at the hepatocyte level or liver
tissue level. FADSI, FADS2, and AKRIB10 were in-
cluded in these seven genes and were significantly up-reg-
ulated in the chimeric mouse liver compared with human
liver, but their expression was down-regulated by h-GH.
Thus, it is suggested that these genes participate in the spon-
taneous steatosis observed in the chimeric mouse liver,

Results of previous studies indicated the presence of
species differences in GH responsiveness of lipogenic
genes between rats and mice. SREBP-1¢, a known tran-
scription factor of lipogenic genes, and its target genes,
FASN and SCD-1, appear to be GH up-regulated in rats;
hypophysectomy decreases expression of these genes, and
the infusion of the rats with GH improved their expression
to the original levels (34, 35). By contrast, a study with
GH-transgenic technology showed that the same genes
were down-regulated in mice (44). Recent microarray
analysis supported such species differences; GH treatment
suppressed SCD gene expression level in hypophysecto-
mized mouse livers (42) but not in hypophysectomized rat
livers (41). There are also differences regarding GH re-
sponsiveness of lipogenic genes between in vitro and in vivo
studies; the above cited authors showed in a study with pri-
mary cultures of rat hepatocytes SCD1 as GH up-regulated,
FASN as GH down-regulated, and SREBP-1¢ as GH non-
responsive (34). In the present study, expression of h-SCD,
but not h-SREBP-1c, was reduced by h-GH administration
to the chimeric mice, and h-FABP expression was not
affected by h-GH, which was different from a rat study
(34). h-FADS1, h-FADS2, and h-AKR1B10 were down-
regulated in the present study, but they did not report them
as GH-down-regulated genes in rodent studies. In addi-
tion, AGHD patients show fatty liver and nonalcoholic
steatohepatitis (INASH) (8), and GH treatment improved
the symptoms (13, 14). However, studies using hypoph-
ysectomized rodents did not report such changes (34, 35,
41, 42).

The serum concentration of GH is low in nonalcoholic
fatty liver disease (NAFLD) patients (15), and NNMTand
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FIG. 4. In vitro effects of h-GH and h-IGF-| on the expression level of lipogenesis genes. h-
Hepatocytesgys were cultured with 0, 5, or 50 ng/mi h-GH or 50 or 500 ng/ml h-IGF-I for 24
and 48 h and subjected to RNA isolation to perform real-time gRT-PCR analysis for eight h-
GH-up-regulated genes (A) and eight lipogenesis-related genes (B). The expression level of
each gene was normalized against that of h-GAPDH. The gene expression level of h-
hepatocytes treated with h-GH or h-IGF-| was divided by that of untreated h-hepatocytes.
White and black bars represent 24 and 48 h, respectively. Each value represents the mean =
sn. Asterisks above a bar show significance between no treatment and each dose of h-GH or
h-IGF-I treatment. *, P < 0.05; **, P < 0.01.

IGFALS are up-regulated in NASH patients (47). Fatty
livers of chimeric mice in the present study appreciably
reproduce expression profiles of these known NAFLD/
NASH-associated genes. We showed that h-GH regulates
h-SCD and other lipogenesis-related genes, including h-
FADS1, h-FADS2, and h-AKR1B10 in a h-SREBP1-in-
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dependent manner. Thus, chimeric
mice could be particularly useful as an
NAFLD/NASH mouse model, with the
genes identified in this study serving as
therapeutic target genes for NAFLD
patients.

Among 14 h-GH-up-regulated
genes characterized in this study,
eight genes (IGF-I, SOCS2, NNMT,
P4HA1, IGFALS, MBL2 AMIGO?2,
and SRDSAT1) are known GH-up-
regulated genes (23, 41-43, 45), but
the remaining six h-GH-up-regulated
genes (ASCL1, KL, DSCRILI,
CREM, CSorf13, and SLC16A1)
have never been reported as up-
regulated genes. Roles of these newly
identified GH-up-regulated genes in
the human liver could be further in-
vestigated using the chimeric mice.

The protein Klotho is known to in-
hibit insulin/IGF-I signaling, which
likely increases resistance to oxidative
stress and potentially contributes to its
claimed anti-aging properties (46). In
the present study, KL expression levels
were similar in human and chimeric
mouse livers, but h-GH markedly in-
duced KL gene expression in the latter,
The findings of the present study sug-
gested a mutual regulatory mecha-
nism(s) between the two genes: h-GH
might play a role in the anti-aging pro-
cess through the KL induction.

We were able to propagate h-hepa-
tocytes in chimeric mouse livers, which
could solve the problem of a quite lim-
ited availability of human hepatocytes
for research purposes. In fact, in the
present study, we showed the useful-
ness of chimeric mouse-derived h-hepa-
tocytes for in vitro study by testing the
effects of h-GH or h-IGF-I on expres-
sion levels of eight lipogenic genes that
had been up-regulated in chimeric
mouse liver in vivo. We were able to
answer a question of whether h-GH

and h-IGF-I in combination directly or indirectly induce
such changes in gene expression. Hepatocytes in conven-~
tional two-dimensional culture do not generally recapit-
ulate gene expression profiles observed under i1 vivo con-
ditions. In the present study, hepatocytes were three-
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dimensionally cultured on Matrigel (spheroid culture),
which allowed them to express gene expression closer to
in vivo conditions as reported previously (48).

We resected h-hepatocyte regions from chimeric livers
for microarray analysis and real-time RT-PCR. The gene
expression profiles determined using the dissected regions
were similar to those determined using the isolated
h-hepatocytes, . This finding also indicates the us-
ability of chimeric mouse liver tissues as an alternative
RNA source to h-hepatocytes, whose isolation is time con-
suming and laborious,

In conclusion, the present study shows that chimeric
mice could overcome the species difference between ex-
perimental animals and humans, and therefore, these
mice are uscful for investigating the mechanism of the
action of GH on h-hepatocytes in vivo and role of GH
in NAFLD/NASH.
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