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Leptin is one of the key molecules in maintaining energy homeostasis.
Although genetically leptin-deficient Lep®/Lep®® mice have greatly
contributed to elucidating leptin physiology, the use of more than one
species can improve the accuracy of analysis results. Using the
N-ethyl-N-nitrosourea mutagenesis method, we generated a leptin-
deficient Lep™*¥°/Lep™**” rat that had a nonsense mutation (Q92X) in
leptin gene. Lep™**/Lep™*® rats showed obese phenotypes including
sévere fatty liver, which were comparable to Lep®”/Lep”” mice. To
identify genes that respond to leptin in the liver, we performed
microarray analysis with Lep™*/Lep™ > rats and Lep®”/Lep®” mice.
We sorted out genes whose expression levels in the liver of Lep™ ¥/
Lep™>® rats were changed from wild-type (WT) rats and were
reversed toward WT rats by leptin administration. In this analysis,
livers were sampled for 6 h, a relatively short time after leptin
administration to avoid the secondary effect of metabolic changes
such as improvement of fatty liver. We did the same procedure in
Lep®*/Lep”” mice and selected genes whose expression patterns were
common in rat and mouse. We verified their gene expressions by
real-time quantitative PCR. Finally, we identified eight genes that
primarily respond to leptin in the liver commonly in rat and mouse.
These genes might be important for the effect of leptin in the liver.

ENU mutagenesis; Lep”*%/Lep™ > rat; Lep®’/Lep®” mouse; leptin
responsive gene; microarray analysis

LEPTIN IS AN ADIPOCYTE-DERIVED hormone that regulates energy
homeostasis mainly through the hypothalamus (1). In addition
to food intake and energy expenditure, leptin regulates glucose
and lipid metabolism (5, 13, 20). Leptin-deficient Lep®”/Lep®®
mice are well known to have made a great contribution in the
discovery of leptin, and they have been used as an animal
model of obesity and obesity-associated diabetes mellitus.
Although much has been learned from Lep®®/Lep®” mice, it is
important to use other models of different species to generalize
results from one species.

For the last 30 yr, many investigators have chosen to use
mouse models, because the technologies of embryonic stem

Address for reprint requests and other correspondence: K. Ebihara, Dept. of
Experimental Therapeutics, Translational Research Center, Kyoto Univ. Hos-
pital, 54 Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606-8507, Japan (e-mail:
kebihara@kuhp.kyoto-u.ac.jp).
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cells allowed the generation of knockout and knock-in mice
(7). However, rats have a long history in medical research,
being fundamental from drug development to advances of
neuroscience and physiology. Rats are considered to be a better
model than mice in their behavioral and physiological charac-
teristics, which are more relevant to humans.

Lepr“/Lepr™ Zucker rats and Lep#/Lepr Koletzky rats al-
ready exist as rat models whose lack of leptin signals is due to
mutations in the leptin receptor (22, 23). The phenotypes in
these rats are also identical in many aspects to those in
Lep®®/Lep®® mice (4). However, leptin receptor mutant rats are
unfit models for the study of the effect of leptin treatment.
Although generation of leptin knockout rats by pronuclear
microinjections of zinc finger nucleases has been reported
recently (26), the investigators did not assess the effect of
leptin administration. So this is the first report of leptin admin-
istration in the leptin-deficient rat.

In this study, we used the N-ethyl-N-nitrosourea (ENU)
mutagenesis method to generate a leptin-deficient Lep™<¥°/
Lep™ rat that had a nonsense mutation (Q92X) in the leptin
gene (17). The mutation site of Lep”°/Lep™ ¥ rat was up-
stream of that of R105X in Lep®/Lep®® mice (28). We con-
firmed that Lep™*°/Lep™* rats secreted no measurable leptin
in the serum and that their obese phenotypes including severely
fatty liver were comparable to Lep®®/Lep®” mice. To identify
genes that respond to leptin in the liver, we compared gene
expressions in the liver between Lep"<°/Lep™ ¥ rats and their
wild-type (WT) littermates and also between leptin-treated and
saline-treated Lep”®°/Lep™° rats by microarray analysis. We
sorted out genes whose expression levels in the liver of
Lep"™°/Lep™ ¥ rats were changed from WT rats and were
reversed toward WT rats by leptin treatment. Moreover, to
identify genes that commonly respond to leptin in the liver of
rats and mice, we did the same series of experiments with
Lep®®/Lep®® mice. We finally identified eight genes that com-
monly respond to leptin in the liver of rats and mice. Using
more than one species can improve the accuracy of analysis
results. Thus, genes identified in this study might be important
for the effect of leptin in the liver.

MATERIALS AND METHODS

Animals. Rats with a leptin gene mutation were obtained by ENU
mutagenesis of F344/NSlc rats, followed by MuT-POWER (Mu Trans-
position POoling method With sequencER) screening on the genomic
DNA of 4,608 G1 male offspring in KURMA (Kyoto University Rat
Mutant Archive). ENU mutagenesis procedures, screening protocols

1094-8341/13 Copyright © 2013 the American Physiological Society
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(17), and intracytoplasmic sperm injection procedure were previously
described (12). The forward primer and the reverse primer used for
identifying mutation of the leptin gene were 5'-GCACCTGTTGTTC-
CTCTTCC-3" and 5'-TGGAATCGTGCGGATAACTT-3’, respectively.
More than six backcross generations were performed against the F344/
NSlc inbred background. Male C57BV/6] Lep®®/Lep®” mice were pur-
chased from CLEA Japan (Tokyo, Japan). Rats and mice were main-
tained on a 10 h light/14 h dark cycle (lights on 7:00 AM, lights off 9:00
PM) and fed ad libitum standard pellet diet (MF; Oriental Yeast, Tokyo,
Japan). All animal care and experiments conformed to the Guidelines for
Animal Experiments at Kyoto University and were approved by the
Animal Research Committee of Kyoto University. The F344-Lep™¥* rat
has been deposited into the National Bio Resource Project-Rat in Japan
(NBPR-Rat no. 0628) and is available from the Project (http://www.
anim.med.kyoto-u.ac.jp/nbr).

Genotyping for Lep”° mutation. Genotyping for Lep™** muta-
tion was performed by real-time PCR system using TagMan Sample-
to-SNP kit (Applied Biosystems, Carlsbad, CA) with a specific primer
pair (forward primer sequences are 5'-GTTCTCCAGGTCATGAGC-
TATCTG-3" and reverse primer sequences are 5'-CTGGCAGTC-
TATCAACAGATCCT-3') and TagMan MGB probes (WT probe
sequences are 5'-TTGCCTTCCCAAAACG-3’ and mutant probe se-
quences are 5'-TTGCCTTCCTAAAACG-3'). Genomic DNA was
extracted from whole blood. The cycling conditions were 20 s at 95°C
followed by 40 cycles of 3 s at 95°C and 20 s at 60°C.

Whole body composition analysis. Twenty-week-old male rats
under anesthesia were scanned from nose to anus by computer
tomography with La Theta LCT-100 (Aloka, Tokyo, Japan). The
X-ray source tube voltage was set at 50 kV with a constant 1 mA
current. Aloka software estimated the volume of adipose tissue, bone,
air, and the remainder using differences in X-ray density. Distinguish-
ing intra-abdominal adipose tissue and subcutaneous adipose tissue
was based on detection of the abdominal muscle layers. Fat weight
was calculated using the commonly used density factor of 0.92 g/cm?.
This method provides accurate estimation of total subcutaneous and
intra-abdominal fat pads as validated by dissection (11).

Measurement of body length and rectal temperature. Body length
was measured between nose and anus in 19-wk-old male rats under
anesthesia. Rectal temperature was measured with a digital thermom-
eter (BDT-100; Bio Research Center, Tokyo, Japan) at 10:00 AM in
19 wk old male rats.

Biochemical assays. Blood was obtained from the tail vein after
overnight fasting at the age of 19 wk. Plasma leptin concentrations
were measured by an enzyme-linked immunosorbent assay (ELISA)
kit for rat leptin (Millipore, St. Charles, MO). Plasma glucose con-
centrations were measured by a glucose assay kit (Wako Pure Chem-
ical Industries, Osaka, Japan). Plasma insulin concentrations were
measured by an insulin-ELISA kit (Morinaga Institute of Biological
Science, Yokohama, Japan). Plasma triglyceride, nonesterified fatty
acid (NEFA), and total cholesterol concentrations were measured by
enzymatic kits (Triglyceride E-test Wako, NEFA C-test Wako, and
Cholesterol E-test Wako, respectively; Wako Pure Chemical Indus-
tries). To measure liver triglyceride contents, we sampled livers from
19 wk old rats and immediately froze them in liquid nitrogen. Lipids
were extracted with isopropyl alcohol-heptane (1:1 vol/vol). After
evaporating the solvent, we resuspended lipids in 99.5% (vol/vol)
ethanol, and triglyceride content was measured by an enzymatic kit
(Triglyceride E-test Wako, Wako Pure Chemical Industries).

Glucose tolerance test. Intraperitoneal glucose tolerance test was
performed after overnight fasting of 19 wk old male rats. Rats received
2.0 mg/g glucose by intraperitoneal injection. Blood was sampled from
the tail vein before and 15, 30, 60, 90, 120 min after the glucose load.

Liver histology. Livers were sampled from 19 wk old rats, fixed in
10% neutrally buffered formalin, and subsequently embedded in
paraffin. Histological sections of 5 wm thickness were stained with
hematoxylin and eosin and examined by light microscopy.
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Liver sampling for microarray analysis. Recombinant murine lep-
tin (generously supplied by Amgen, Thousand Oaks, CA) (1 pg/mg)
or saline was intraperitoneally administered in 20 wk old Lep*/Lep®®
mice, Lep*¥°/Lep” ¥ rats and their respective control littermates
after 6 h fasting. Livers were sampled 6 h after leptin or saline
administration and were frozen in liquid nitrogen and stored at —80°C
until use for RNA isolation.

RNA extraction and microarray gene expression arrays. Details for
the sample preparation and microarray processing are available from
http://www.affymetrix.com. RNA was prepared from liver of three
male mice or rats per group using Trizol (Invitrogen, Carlsbad, CA)
reagent following the supplier’s protocol. The quality and the con-
centrations of the extracted RNA were checked using the Nano-Drop
2000 (Thermo Fisher Scientific, Yokohama, Japan). Each three RNA
samples were pooled for analysis. We used 250 ng of total RNA for
one cycle of cDNA synthesis. Hybridization, washing, and scanning
of Affymetrix GeneChip Mouse Genome 430 2.0 Arrays (Affymetrix,
Santa Clara, CA) and Affymetrix GeneChip Rat Genome 230 2.0
Arrays were done according to standard Affymetrix protocols. The
hybridized chips were scanned with an argon-ion laser confocal micro-
scope (Hewlett-Packard, Palo Alto, CA). Fluorometric data were pro-
cessed by Affymetrix GeneChip Command Console software and ana-
lyzed with Affymetrix Expression Console software 7. Normalization
was performed with Affymetrix Microarray Suite 5.0 (MASS5.0) algo-
rithm to obtain the signal intensity and the detection call, which shows the
expression of a gene with a defined confidence level for each probe set.
The mRNA expression levels for all genes on the array were scaled to a
mean of 500 for each array. The detection call can be “present” when the
perfect match probes are significantly more hybridized than the mismatch
probes, false discovery rate (FDR) < 0.04, “marginal” for FDR > 0.04,
and <0.06 or “absent,” FDR > 0.06.

Real-time quantitative RT-PCR. Real-time quantitative RT-PCR
was performed to validate expression levels of candidate leptin-
responsive genes. Single-stranded cDNA was synthesized from 1 g
of total RNA using SuperScript III First-Strand Synthesis System for
RT-PCR, according to the manufacturer’s instructions (Invitrogen).
Quantitative RT-PCR was performed with SYBR Green (Applied
Biosystems) by Applied Biosystems StepOnePlus RT-PCR System
using gene-specific primer. The housekeeping rat or mouse mitochon-
drial subunit 18S rRNA genes were used for control and quantitative
RT-PCR was performed with TagMan (Applied Biosystems). The se-
quences of primers (Sigma-Genosys, Tokyo, Japan) used in the present study
are as follows: rat Ccl2 (F) 5'-TAGCATCCACGTGCTGTCTC-3', rat Ccl2
(R) 5'-CAGCCGACTCATTGGGATCA-3’, mouse Ccl2 (F) 5'-AGATG-
CAGTTAACGCCCCAC-3', mouse Ccl2 (R) 5'-GACCCATTCCTTCT-
TGGGGT-3', rat Cdca3 (F) 5'-AACAAGCATGTGTCTCGGGT-3’, rat
Cdca3 (R) 5'-TCTTGCGCCTGTTTGAGACT-3", mouse Cdca3 (F) 5'-
CCTCGTTCACCTAGTGCTGG-3', mouse Cdca3 (R) 5'-TTTCGTCT-
GCTGCGCTTAGA-3', rat Fkbp5 (F) 5'-ACTGACTCGCCTGACA-
CAAG-3, rat Fkbp5 (R) 5'-GAGCGAGGTATCTGCCTGTC-3’, mouse
Fkbp5 (F) 5'-CTTGGACCACGCTATGGTTT-3', mouse Fkbp5 (R) 5'-
GGATTGACTGCCAACACCTT-3', rat Inhbb (F) 5'-TCACGGTGA-
CAGGTGGAATG-3', rat Inhbb (R) 5'-CCGTTTTCGGATGCGATGTC-
3’ mouse Inhbb (F) 5'-TGACCCACACTAGGCGAAAC-3’, mouse Inhbb
(R) 5’-CAGGCCACTCGAAGGATTGT-3', rat Lin7a (F) 5'-AAGCCA-
CAAGAATCCGGAGA-3, rat Lin7a (R) 5'-CTGACGACCAGCTTCA-
CACT-3’, mouse Lin7a (F) 5'-AGTACCAGTGCACAAGCTCC-3',
mouse Lin7a (R) 5'-CATGTCTTTCAGCCACCCCT-3', rat C-Myc (F)
5'-ATTCCAGCGAGAGACAGAGGGAGTG-3', rat C-Myc (R) 5'-
ACGTTGAGGGGCATCGTCGTG-3’, mouse C-Myc (F) 5'-CGCGC-
CCAGTGAGGATATC-3', mouse C-Myc (R) 5'-CCACATACAGTC-
CTGGATGAT-3’, rat Npr2 (F) 5'-TTGGGGAGAGTCTACGAGCA-3/,
rat Npr2 (R) 5'-CTCGGTACGTGATCACCAGG-3’, mouse Npr2 (F) 5'-
CCAGAACTGCTTAGCGGGAA-3', mouse Npr2 (F) 5-CTGAC-
CATTCCGCACCTTCT-3', rat Ppl (F) 5'-AGTGCTGCCACTCAAG-
TACC-3', rat Ppl (R) 5'-CAGCTCTCCCCGTTGTTCTT-3’, mouse Ppl (F)
5'-GCATGCTGAGTGGAAGGAGT-3’, mouse Ppl (R) 5'-AAGTCT-
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GAGTCCACCTTGCG-3', rat 18s (F) 5'-GCAATTATTCCCCAT-
GAACGA-3', rat 18s (R) 5'-CAAAGGGCAGGGACTTAATCAAC-3,
probe: 5'-AATTCCCAGTAAGTGCGGGTCATAAGCTTG-3', mouse
18s (F) 5'-CGCGCAAATTACCCACTCCCGA-3', mouse 18s (R) 5'-
CGGCTACCACATCCAAGGA-3', probe; 5'-CCAATTACAGGGCCTC-
GAAA-3".

Statistical analysis. Data are expressed as means = SE. Compar-
ison between or among groups was assessed by Student’s r-test or
ANOVA with Fisher’s protected least significant difference test. P <
0.05 was considered statistically significant. The x>-test was used for
analysis of genotype and sex ratio using Microsoft Excel. P < 0.05
was considered statistically significant.

RESULTS

Generation of a novel genetically obese rat with a homozy-
gous nonsense mutation in the leptin gene. By using ENU
mutagenesis followed by MuT-POWER screening of the
KURMA samples (17), we generated a genetically obese
Lep"™ °/Lep™*¥° rat with a homozygous nonsense mutation in
the leptin gene. Lep™*¥° mutation was a C-to-T transition at
nucleotide 274 in the third exon of leptin gene, resulted to a
substitution of glutamine at codon 92 by the stop codon
(Q92X), which is upstream of the mutation (R105X) in Lep®”/
Lep?®” mice (28) (Fig. 1). Male and female Lep"**°/+ rats were
intercrossed to cobtain WT, Lep” /4, and Lep”™%/Lep™¥®
animals. There were 27 homozygous WT, 40 Lep”®°/+, and
16 Lep™o/Lep™ > rats. This ratio did not differ significantly
from the expected 1:2:1 Mendelian ratio of genotypes (delivery
n = 8, mean n of pups per delivery = 10.25; x> = 3.17, P =
0.999). The sex ratios also did not differ significantly from the
expected ratio (male n = 42, female n = 40, x> = 242, P =
0.93).

Plasma leptin concentration and obese phenotypes in Lep™*°/
Lep™ ¥ rats. ELISA did not detect plasma leptin in Lep™ ¢/
Lep”® rats (Fig. 2A). Serum leptin concentration in Lep”*/+
rats (7.81 = 0.74 ng/ml) was slightly higher than half that of
WT rats (12.17 = 0.72 ng/ml). The body weight in Lep™%/
Lep™° rats was significantly heavier than WT rats as early as

A AB loop
NH? S R R

Rat MCWRPLCRFLWLWSYLSYVQAVPIHKVQDDTKTLIKTIVIRINDISETQSVSARQRVTGL

Mouse  MCWRPLCRFLWLWSYLSYVQAVPIQKVQODDTKTLIKTIVTRINDISHTQSVSAKQRVTGL

30 40 50 60

B BC loop C

Rat DFIPGLHPILSLSKMDQTLAVYQQILTSLPSONVLOIAHDLENLRDLLHLLAFSKSCSLP

X
Mouse DFIPGLEPILSLSKMDQTLSVYQQVLTSLPSQNVLOIANDLENLRDLLHLLAFSKSCSLP
8

90 100 X 110 120

CD loop E D
— R I e ——— COOH

Rat QTRGLOKPESLDGVLEASLYSTEVVALSRLOGSLODILQQOLDLSPEC

Mouse QTSGLQRPESLDGVLEASLYSTEVVALSRLQGSLODILQQLDVSPEC
130 0

140 150 16

Fig. 1. Mutation (Q92X) in Lep™*/Lep™*** rats is upstream of the mutation
(R105X) in Lep””/Lep®” mice. Secondary structure elements (top) of leptin
precursor and its amino acid sequence in rat (middle) and mouse (bottom).
There is 96% identity of amino acid sequence between mouse and rat. It
consists of 4 antiparallel a-helices (A, B, C, and D), connected by 2 long
crossover loops (AB and CD) and I short loop (BC). Leptin has a small
distorted helical segment E in the CD loop. The red Q in the rat sequence
indicates the amino acid position of the Q92X mutation. The red R in the
mouse sequence indicates the amino acid position of the R105X mutation.

LEPTIN-DEFICIENT Lep™®/Lep™ RATS

5 wk of age (Fig. 2B). The difference in body weight between
WT and Lep™*°/Lep™ > rats steadily widened throughout the
study period. The body weight in Lep™ /4 rats was always
slightly heavier than that in WT rats although the difference
was not statistically significant. As for the body length, there
was no difference between WT and Lep™ */Lep™° rats
(22.63 = 0.13 cm in WT rats and 22.69 * 024 cm in
Lep"™ °/Lep™° rats, n = 7, P = 0.86), unlike Lep®®/Lep®”
mice in which the body length is 5-10% shorter than that in
lean littermates (3). The gross appearances of WT, Lep”*¥%/+,
and Lep™™ ¥°/Lep™ > rats at the age of 19 wk are shown in Fig.
2C. The body composition was examined with computer to-
mography (Fig. 2D). In Lep"*¥°/Lep™*¥° rats, the subcutaneous
fat mass was nearly four times and the intra-abdominal fat
mass was nearly twice of those in WT rats. Both subcutaneous
fat mass and intra-abdominal fat mass in Lep™*¥°/+ rats were
slightly greater than those in WT rats. Daily food intake in
Lep™®°/Lep™™ ¥ rats was increased by ~50% compared with
WT rats (Fig. 2E). The mean body temperature in Lep”*°/
Lep™ ¥ rats was significantly lower than that in WT rats (Fig.
2F). There was no significant difference between WT and
Lep™*¥°/+ rats in both food intake and body temperature.

Glucose and lipid metabolism in Lep™°/Lep™¥° rats. We
performed intraperitoneal glucose tolerance test (Fig. 3, A and
B). Before glucose load, both plasma glucose and insulin
concentrations in Lep™<°/Lep™* rats were already increased
when compared with those in WT rats. Plasma glucose con-
centration in response to the glucose load in Lep™*/Lep e
rats was also significantly higher than WT rats. Moreover, the
increment of plasma insulin concentration was sustained after
glucose load in Lep™*¥°/Lep™* rats. These results indicate that
the main cause of the impairment of glucose tolerance in
Lep™/Lep™ ¥ rats was insulin resistance. No significant
difference between WT and Lep” °/+ rats in both plasma
glucose and insulin concentrations was observed during glu-
cose tolerance test.

Compared with WT rats, the fasting plasma triglyceride
concentration in Lep"¥°/Lep™*** rats was markedly elevated
(Fig. 3C). The NEFA concentration was also increased in
Lep™™ ¥°/Lep™ ¥ rats although there was no significant differ-
ence (Fig. 3D). Plasma total cholesterol concentration was
significantly increased in Lep™**?/Lep™** rats (Fig. 3E). There
was no significant difference between WT and Lep”*°/+ rats
in any of these plasma lipid concentrations.

Liver phenotype in Lep™¥°/Lep™ > rats. In Lep*>°/Lep*>°
rats, the liver was markedly enlarged and lighter in color than
that in WT rats. Histological examination of the liver showed
large number of lipid droplets of various sizes in Lep™”*¢/
Lep™™ rats (Fig. 3F). There was no accumulation of lipid
droplets in Lep™¥9/+ rats. Consistent with these observations,
both liver weight and liver triglyceride content in Lep™®¢/
Lep™ rats were markedly increased compared with those in
WT rats (Fig. 3, G and H). There was no significant difference
between WT and Lep™°/+ rats in both liver weight and liver
triglyceride content.

Identification of leptin-responsive genes in the liver by
microarray analyses. To identify leptin-responsive genes in the
liver, we compared gene expressions in the liver between Lep™©°/
Lep™™ ¥ rats and their WT littermates, as well as leptin-treated and
saline-treated Lep***/Lep™* rats, by the microarray method. In
the leptin administration experiment, to avoid the effect of chronic
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Fig. 2. Obese phenotypes of Lep"*/Lep"yo
rats. A: plasma leptin concentrations in wild-
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and Lep™©/Lep* (closed bar) rats. Data are
means * SE (n = 4 each group). *P < 0.01
(Student’s r-test). B: growth curves in WT (0),
Lep™®e/+ (O0), and Lep™*/Lep™* (@) rats.
Data are means = SE (n = 4 each group).
*#P < 0.05 (ANOVA). C: gross appearance of
WT, Lep™°/+, and Lep™™/Lep™ ¥ rats.
D: computer tomography (CT) image at a
slice 15 cm distal from nose (rop) and body
composition in WT, Lep”®¢/+, and Lep™*/
Lep"™®® rats (bottom). SF, subcutaneous fat
mass; IAF, intra-abdominal fat mass; Lean,
lean body mass. E: daily food intake in WT
(open bar), Lep™ ¥°/+ (gray bar), and Lep™/
Lep™* (closed bar) rats. Daily food intake
was measured at the age of 19 wk. Data are
means = SE (n = 4 each group). *P < 0.05
(Student’s -test). NS, not significant. F: rectal
temperature in WT (open bar), Lep™e/+
(gray bar), and Lep*/Lep™ (closed bar)
rats. Data are means * SE (n = 4 each group).
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metabolic changes related to food intake and body weight sup-
pressions by leptin, we administered leptin and started rats fasting
at the same time, 6 h before the liver sampling. Moreover, to
identify genes that commonly respond to leptin in the liver in rats
and mice, we did the same series of experiments with Lep®®/Lep®”
mice. We confirmed that there was no significant difference in
body weight and plasma glucose, insulin and triglyceride concen-
trations between leptin-treated and saline-treated Lep"*%/Lep"*¥
rats and also between leptin-treated and saline-treated Lep®”/Lep®®
mice (data not shown).

Of 31,042 genes in the rat array chip, we excluded from
analysis 18,425 genes with no nomenclature, which could not
be found in the mouse array chip, and whose detection calls
were not present in any of WT, Lep™°/Lep™*¥°, and leptin-
treated Lep™*¥°/Lep™ ¥ rats. Of the remaining 12,617 genes,
177 genes whose expressions were decreased >1.6-fold in
Lep™°/Lep™ ¥ rats relative to WT rats and increased >1.6-
fold in leptin-treated Lep™*°/Lep™**® rats relative to saline-
treated Lep”™*¥*/Lep™ > rats were defined as leptin-upregulated
genes in rat. However, 138 genes whose expression levels were
<100 in either WT or Lep™<°/Lep”™* rats were excluded. We
defined 237 genes whose expressions were increased >1.6-

Lepmkve/+ Lepmkyo/L epmkyo

fold in Lep™ °/Lep™¥ rats relative to WT rats and decreased
>1.6-fold in leptin-treated Lep"*°/Lep™ ™ rats relative to
saline-treated Lep™**°/Lep™ > rats as leptin-downregulated
genes in rat. In this case, 158 genes whose expression levels
were <100 in saline-treated Lep"<°/Lep™* rats were excluded
from leptin-downregulated genes. Furthermore, among 39 leptin-
upregulated genes in rat, six genes whose expression was de-
creased >1.6-fold in Lep®®/Lep®® mice relative to WT mice and
increased >1.0-fold in leptin-treated Lep®*/Lep®” mice relative to
saline-treated Lep®’/Lep®” mice were defined as leptin-upregu-
lated genes common in rat and mouse. Among 79 leptin-down-
regulated genes in rat, 14 genes whose expression were increased
>1.6-fold in Lep®/Lep® mice relative to WT mice and decreased
>1.0-fold in leptin-treated Lep®/Lep®® mice relative to saline-
treated Lep®/Lep® mice were defined as leptin-downregulated
genes common in rat and mouse.

Expression patterns of these 20 leptin-regulated genes common
in rat and mouse were examined by quantitative RT-PCR using
the same RNA samples used for microarray analysis. Among six
leptin-upregulated genes, Lin7a and Npr2 showed a similar ex-
pression pattern in microarray and quantitative RT-PCR analysis
(Table 1, Fig. 4A). Among 14 leptin-downregulated genes in rats,
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Fig. 3. Glucose, lipid metabolism, and fatty liver in Lep”**/Lep™® rats. Plasma glucose (A) and insulin concentrations (B) at intraperitoneal glucose tolerance
test in WT (0), Lep™>*/+ (D), and Lep™°/Lep™™* (@) rats. Data are means = SE (n = 4 each group). *P < 0.05 (ANOVA). Plasma triglyceride (C),
nonesterified fatty acid (NEFA, D), and total cholesterol (E) concentrations in WT (open bar), Lep”*/+ (gray bar), and Lep™*/Lep™ > (closed bar) rats. Data
are means = SE (n = 4 each group). *P < 0.05 (Student’s r-test). F: representative macroscopic (fop: scale bar, 1 cm) and histological (bottom: scale bar, 100
wm) sections of the liver in WT, Lep”*/+, and Lep"™¥*/Lep™** rats. For histological examination, hematoxylin and eosin staining was used. Liver weight (G)

and liver triglyceride contents (H) in WT (open bar), Lep”*/+ (gray bar), and Lep"*°/Lep™** (closed bar) rats. Data are means = SE (n = 4 each group).
*P < 0.01 (Student’s t-test).
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Table 1. Microarray analysis data of leptin-responsive genes in the liver

Fold Increase
UniGene (Rn.) Rat Mouse
Gene Name Gene Symbol Rat (Rn.) Mouse (Mm.) Wild/Lep"™*e[Lep™*> Leptin/vehicle Wild/ob/ob Leptin/vehicle

Leptin-upregulated gene in liver
Lin-7 homolog A (C. elegans) Lin7a 31766 268025 2.014 2.158 1.729 1.404
Natriuretic peptide receptor 2 Npr2 32984 103477 2.567 225 4.627 1.064

Leptin-downregulated gene in liver

Chemokine (C-C motif) ligand 2 Ccl2 4772 290320 0.202 0.54 0.17 0.871
Cell division cycle associated 3 Cdca3 129078 285723 0.23 0.207 0432 0.382
FK506 binding protein 5 Fkbp5 144288 276405 0.219 0.536 0.401 0.774
G protein-coupled receptor 64 Gpr64 57243 213016 0.105 0.574 0.129 0.853
Inhibin beta-B Inhbb 35074 3092 0.016 0.603 0.33 0.871
Myelocytomatosis oncogene Myc 12072 2444 0.299 0.473 0.398 0.595
Periplakin Ppl 25259 266875 0.23 0.547 0.536 0.768

Ccl2, Cdca3, FkbpS, Inhbb, C-Myc, and Ppl showed similar
expression patterns between microarray and quantitative RT-PCR
analysis (Table 1, Fig. 4B). These eight genes are expected to play
some role in the effect of leptin on the liver.

All microarray data have been deposited at the National
Center for Biotechnology Information in the Gene Expression
Omnibus database (GEO, http://www.ncbi.nlm.nih.gov/geo/).
The series accession number is GSE42532. The GEO platform
accession number is GPL1261 in mouse, GPL1355 in rat. The
sample accession numbers are GSM 1044286, 1044287,
1044288, 1044289, 1044290, and 1044291.

DISCUSSION

Using gene-driven ENU mutagenesis, we generated leptin-
deficient Lep”*°/Lep™ ¥ rat. The mutation of leptin gene in
Lep™¥°/Lep™ ¥ rats is located at nucleotide 274 in the third
exon of leptin gene, generating a stop codon at amino acid 92
(Q92X), which is upstream of the mutation (R105X) in Lep®?/
Lep®” mice (28). Leptin contains two cysteine residues, Cys96
and Cys146, which form a disulfide bond. This disulfide bond
was shown to be required for the leptin action (27). Since both
sites of nonsense mutation in Lep”*/Lep"*** rats and Lep®®/
Lep®® mice were projected to disrupt this disulfide bond,
Lep"™°/Lep™° rats were considered to have no functional
leptin, as well as Lep®®/Lep®® mice.

The mean mutation frequency with ENU mutagenesis of our
protocol was one mutation per 3.7 million base pairs (17).
Although the chance for the occurrence of an unexpected
mutation with a phenotypic effect is relatively small, this
possibility also should be taken account for the experimental
design and interpretation of the results. To eliminate mutations
that might have been generated by ENU in chromosomal
regions other than the Lep locus, we performed backcross more
than six generations against F344/NSlc inbred background, and
we always compared phenotypes between littermates to mini-
mize the effect of possible unexpected mutation.

Lep/Lep™¥ rats showed morbid obesity with hyperpha-
gia and low body temperature, hyperglycemia with hyperinsu-
linemia, dyslipidemia, and severely fatty liver. Low body
temperature suggests decreased sympathetic nervous activity
and basal metabolism in Lep”®°/Lep™* rats. The glucose
tolerance test demonstrated marked glucose intolerance with sus-

tained hyperinsulinemia in Lep™<*/Lep™** rats, suggesting insu-
lin resistance. All these phenotypes are consistent with the lack of
functional leptin and are identical to those in Lep®’/Lep®” mice (4).
There are some existing rat models, such as Lepi/Lepr® Zucker
rats and Lepr/Lepr Koletzky rats, whose lack of leptin signals is
due to mutations in the leptin receptor (22, 23). Although the
phenotypes of these rats are also identical to Lep™*¥*/Lep™™**° rats,
they are not useful in studying the effect of leptin treatment. In this
study, we used Lep™ %/Lep"** rat as a leptin-treatable rat model
and showed its usefulness.

Generation of leptin knockout rats by pronuclear microin-
jections of zinc finger nucleases had been reported recently
(26). In addition to the metabolic phenotype, those leptin
knockout rats with Sprague-Dawley background showed sig-
nificant increase in bone mineral density and bone volume of
the femur compared with WT littermates like 0b/0b mice (26).
However, we could not detect any significant difference in
bone mineral density and gross observation of trabecular in the
femur by computer tomography between Lep™*¥/Lep™*° rats
and their WT littermates (data not shown). Our result is
consistent with the previous report on leptin receptor mutated

fa/fa rats with Zucker background (24). These results indicate

the strain difference in the regulation of bone mineral density.
Furthermore, there is a previous report that bone mass in
patients with congenital leptin deficiency have normal or low
bone mineral density (18), which indicates the species differ-
ence. It was also reported that T-cell count was decreased in
those leptin knockout rats. In all previous reports of leptin or
leptin receptor deficiency in humans (9), mice (16), and rats
(25), T-cell count was also decreased. As for the phenotype of
T-cell, there is no difference between strains or species, al-
though we did not count the T cells in Lep”</Lep™ rats.
Besides the antiobesity effect, leptin has a wide range of
metabolic effects including an insulin-sensitizing action. How-
ever, the molecular mechanism underlying metabolic effects of
leptin is not well understood. We and others have demonstrated
that leptin effectively improves insulin sensitivity accompa-
nied by a dramatic reduction of fat content in the liver and skeletal
muscle in patients with lipodystrophy in which severely fatty liver
and excess fat accumulation in the skeletal muscle frequently
develop (5, 6, 8, 15). In this study, to investigate the molecular
mechanism by which leptin reduces fat content in the liver, we
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used two different species models with leptin deficiency, Lep™¥%/
Lep"® rats and Lep®®/Lep®® mice.

Some microarray analyses on leptin effects in the liver using
Lep"b/Lep"b mice have been reported (2, 14, 19). In these
studies, leptin was administrated daily or continuously and the
sampling time point was a few days or more after the beginning
of leptin treatment. Under these conditions, the investigators
could not separate the secondary effects of chronic metabolic
changes, such as body weight reduction and improvement of
insulin resistance and dyslipidemia, from the primary effects of
leptin. In this study, we sampled livers 6 h after leptin admin-
istration under fasting. We confirmed that there was no signif-
icant difference in body weight and plasma glucose, insulin
and triglyceride concentrations between leptin-treated and sa-
line-treated Lep”*°/Lep ™ rats and also between leptin-
treated and saline-treated Lep®®/Lep®® mice. Of course, 6 h
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after leptin administration is also the limitation of this study. It
might be too early to detect leptin-responsive genes. However,
we placed priority on excluding secondary effects. As a result,
the profile of leptin-responsive genes in the previous report is
quite different from that in the present study. In all these
previous reports, expression of metabolism-related genes was
detected. On the other hand, in our study, all genes in which we
detected change of expression were not known for their rela-
tionship with glucose or lipid metabolism in the liver. The
genes identified in our study are early responsive ones. Iden-
tification of such genes might unveil the mechanism of leptin
action that has been unknown so far. The mechanistic study of
the genes we have identified here is an issue for the future.
In conclusion, we generated leptin-deficient Lep"™**°/Lep"**>°
rats by gene-driven ENU mutagenesis. Taking advantage of
leptin-treatable Lep"™*¥°/Lep"™*¥° rats, we compared gene ex-
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pressions in the liver not only between Lep™*¥°/Lep”¥° and
WT rats, but also between leptin-treated and saline-treated
Lep™°/Lep™* rats, to identify leptin-responsive genes in the
liver by microarray analysis. Taking Lep”®%/Lep™* rats to-
gether with the Lep®“/Lep® mice, we finally identified two
leptin-upregulated genes, lin-7 homolog A (Lin7a) and natri-
uretic peptide receptor 2 (Npr2), and six leptin-downregulated
genes, chemokine (C-C motif) ligand 2 (Ccl2), cell division
cycle associated 3 (Cdca3), FK506 binding protein 5 (Fkbp5),
inhibin beta B (Inhbb), myelocytomatosis oncogene (C-Myc),
and periplakin (Ppl). Although, little is known about the
physiological significance of most of these genes in energy
metabolism in the liver, the analysis of these genes will bring
further understanding of leptin physiology in the future.
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Human induced pluripotent stem (iPS) and embryonic stem (ES) cells can differentiate into a variety of cell
types. We reported on adipogenic potential of human iPS and ES cells in vitro. In the present study, we
investigate the survival and maintenance of adipocytes differentiated in vitro from human iPS and ES cells after
transplantation. Following adipogenic induction in vitro, the differentiated cells exhibited functional properties
of adipocytes such as lipid storage, lipolysis, and insulin responsiveness. Subsequently, Matrigel containing the
differentiated human iPS and ES cells was transplanted into the subcutaneous tissue of nude mice. After 1-4
weeks, the cells with adipocyte-like features were observed in transplanted Matrigel by histological analysis. The
human origin of the cells, their lipid accumulation, and gene expression of adipocyte markers in transplanted
cells were then confirmed, suggesting the presence of adipocytes in transplanted Matrigel. When the relative
areas of these cells were calculated by dividing the adipocyte areas by the total Matrigel areas, we found that
they peaked at 2 weeks after transplantation, and that the adipocytes persisted at 4 weeks. The present study
demonstrates that human iPS and ES cells can differentiate into adipocytes with functional properties and that
adipocytes derived from human iPS and ES cells can survive and maintain the differentiated properties of
adipocytes for at least 4 weeks after transplantation. Adipocytes derived from human iPS and ES cells thus have
the potential to open new avenues for stem cell-based research into metabolic diseases and future therapeutic
applications.

Introduction cell therapy for lipodystrophy and soft tissue reconstruction.

To date, there have been several reports of using scaffolds to

HUMAN INDUCED PLURIPOTENT STEM (iPS) cells exhibit
pluripotency in vitro and in vivo like that seen with
human embryonic stem (ES) cells [1-3]. Moreover, human iP5
cells have been differentiated into a variety of cell types [4-12].
For example, we demonstrated that both human iPS and ES
cells have adipogenic potential in vitro [13]. On the other
hand, studies involving the transplantation of human iPS cell
derivative have been limited to only a few cell types [14-17].
Transplantation studies of derivatives from human PS cells
become increasingly important to explore a novel cell therapy
for intractable diseases.

Lipodystrophy is a rare syndrome characterized by loss of
adipose tissue, which causes insulin resistance, diabetes,
dyslipidemia, and ectopic fat accumulation [18,19]. Trans-
plantation of adipose tissue ameliorates the phenotype of
lipodystrophy [20]. Further, adipose tissue, adipocytes, and
adipose-derived stem cells are therapeutically useful for soft
tissue reconstruction after tumor resection [21-24]. Adipo-
cytes derived from human PS cells can be a possible source of

construct adipose-like tissue derived from human adult stem
cells and embryonic germ cells [25-28]; however, construc-
tion of adipose-like tissue derived from human iPS and ES
cells has not been fully demonstrated.

In the present study, we initially assessed functional
properties of adipocytes such as lipid storage, lipolysis, and
insulin responsiveness in vitro in differentiated human iPS
and ES cells. We then studied survival and maintenance of
adipocytes derived from human iPS and ES cells following
their transplantation.

Materials and Methods
Cell culture

Human iPS cells: 253G4 (G4), 201B7 (B7), and W12,
were maintained in a Primate ES medium (ReproCELL)
supplemented with 4ng/mL recombinant human basic fi-
broblast growth factor (Invitrogen) as we previously de-
scribed [13]. G4 and B7 were kindly provided by Shinya
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Yamanaka [29]. Human ES cells (H9 and KhES-1) were
cultured as described previously [29]. H9 was purchased
from Wicell Research Institute, Inc. KhES-1 was kindly
provided by Norio Nakatsuji [30]. W12 as well as B7 were
generated from human dermal fibroblasts from a 36-year-
old Caucasian woman (Cell Applications, Inc.) by intro-
ducing four factors, such as Oct3/4, Sox2, Klf4, and c-Myec.
Expression of human ES cell markers and pluripotency
were examined by immunocytochemistry, in vitro differ-
entiation, and teratoma formation (Supplementary Fig.
SIA-K; Supplementary Data are available online at
www liebertpub.com/scd) according to the methods de-
scribed previously [1]. Standard G-banding chromosome
analysis was performed in the Nihon Gene Research La-
boratories, Inc. (Supplementary Fig. S1L). Human bone
marrow-derived mesenchymal stem cells were purchased
from Lonza. Adipogenic differentiation was induced ac-
cording to the manufacturer’s instruction.

Adipogenic differentiation of human iPS
and ES cells

Human iPS and ES cells were differentiated into the adi-
pocyte lineage via embryoid body (EB) formation using a
modified version of the protocol, which we previously de-
scribed [13]. Briefly, adipogenic differentiation was initiated
by aggregation of iPS and ES cells to form EBs. From day
2-5, retinoic acid (SIGMA-Aldrich) with the concentration of
100 nM was supplemented. From day 8-11, 1 pg/mL insulin
(Roche Diagnostics) and 1 pM pioglitazone (SIGMA-Aldrich)
were supplemented. After 11 days of EB culture, EBs were
transferred to plates coated with type IV collagen (BD Bios-
ciences). Adipogenic differentiation was induced for addi-
tional 3-5 days of culture using 10% fetal bovine serum/
Dulbecco’s Modified Eagle Medium (DMEM) containing
0.5mM  3-isobutyl-1-methylxanthine (Nacalai Tesque),
0.25 M dexamethasone (Nacalai Tesque), 1 pg/mL insulin,
and 1M pioglitazone.

Oil Red O staining

Differentiated human iPS and ES cells were washed with
phosphate-buffered saline (PBS) twice, fixed in 3.7% form-
aldehyde for 1h, and then stained with a 0.6% (w/v) Oil Red
O solution (60% isopropanol and 40% water) for 2h at room
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temperature. Cells were then washed with water to remove
unbound dye. Optical sections were obtained with BZ-9000
(KEYENCE). Oil Red O-stained areas were calculated as the
percentage of the area divided by the total area.

Immunocytochemistry

Differentiated human iPS and ES cells were washed with
PBS and fixed for 10min with 4% paraformaldehyde. Then,
the cells were permeabilized by 0.1% Triton X in PBS for 5 min
and incubated by Protein Block (DAKO) for 30 min at room
temperature. The cells were immunostained with a 1:200 di-
lution of a primary antibody against peroxisome proliferator-
activated receptor y (PPARy; Cell Signaling Technology).
After washed with PBS, Alexa 546-conjugated anti-rabbit IgG
(Molecular Probes) was used as a secondary antibody with
the concentration of 10 ug/mL. Then, after being washed with
PBS, BODIPY 493/503 (Molecular Probes) was added for
15min for lipid staining. The cells were mounted in the me-
dium with 4’,6-diamidino-2-phenylindole after washed with
PBS twice (Vector Labs). Then, human iPS cells were stained
with primary antibodies against Nanog (1:20; R&D Systems),
TRA-1-60 (1:100; Millipore), SSEA-4 (1:100; Santa Cruz Bio-
technology, Inc.), P3-tubulin (1:100; Millipore), o-smooth
muscle actin (pre-diluted; DAKO), and o-fetoprotein (1:100;
Millipore) according to the protocol described previously [20].
Alexa Fluor 488-conjugated anti-mouse IgG, Alexa Fluor 546-
conjugated anti-goat IgG, and Alexa Fluor 546-conjugated
anti-mouse IgG antibodies (Molecular Probes) were used as
secondary antibodies with a concentration of 10 pg/mL. An
alkaline phosphatase activity was detected using a BCIP/NBT
substrate system (DAKO). 3T3-L1 cells and human mesen-
chymal stem cells were stained with a primary antibody
against vimentin (1:100; DAKO). Alexa Fluor 546-conjugated
anti-mouse IgG was used as a secondary antibody. Optical
sections were obtained with BZ-9000.

Lipolysis assays

Before lipolysis assays, differentiated human iPS and ES
cells were incubated in the serum-free DMEM with 0.5%
fatty acid-free bovine serum albumin for 4h. For lipolysis
assays, differentiated cells were stimulated with 10 pM for-
skolin for 6h. The medium was then collected and estab-
lished procedures were used to quantify the glycerol as

>

FIG.1. Adipogenic differentiation of human iPS and ES cells in vitro. (A-E) Oil Red O staining of differentiated human iPS
cells (A: G4, B: B7, C: W12), differentiated human ES cells (D: H9), and undifferentiated human iPS cells (E: W12). Scale
bar=25 um. (F) Gene expression of adipocyte markers in differentiated human iPS and ES cells. Lane 1: undifferentiated iPS
cells (B7), lane 2: differentiated G4, lane 3: differentiated B7, lane 4: differentiated H9, lane 5: adipocytes derived from human
bone marrow-derived mesenchymal stem cells. (G-O) Subcellular localization of PPARY in differentiated human iPS cells
(W12), differentiated human ES cells (H9), and undifferentiated human iPS cells (W12). Lipid staining by BODIPY 493/503
and immunostaining with PPARY in differentiated iPS cells (G), differentiated ES cells (J), and undifferentiated iPS cells (M).
Nuclear staining with 4’,6-diamidino-2-phenylindole in differentiated iPS cells (H), differentiated ES cells (K), and undif-
ferentiated iPS cells (N). Merge sections in differentiated iPS cells (I), differentiated ES cells (L), and undifferentiated iPS cells
(O). Scale bar =20 um. (P} Forskolin-stimulated lipolysis in undifferentiated or differentiated human iPS (W12) and ES (H9)
cells. Glycerol release in the culture medium was measured. Data are expressed as mean+standard error from duplicate
experiments (n=3-5). *p <0.05; *p <0.01 compared with vehicle-treated groups. (Q) Insulin-induced AKT phosphorylation in
undifferentiated or differentiated human iPS cells (W12) and ES cells (H9). Cells were stimulated with 100 nM or 1 pM insulin
for 5min. FK, forskolin; hiPSCs, undifferentiated human iPS cells; hESCs, undifferentiated human ES cells; dhiPSCs, dif-
ferentiated human iPS cells; dhESCs, differentiated human ES cells; iPS cells, induced pluripotent stem cells; ES cells,
embryonic stem cells; PPARY, peroxisome proliferator-activated receptor v.
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instructed by the manufacturer (SIGMA-Aldrich). The pro-
tein content was determined using Protein Assay (BIORAD).

Western blot analysis

Preparation of total cell lysates and western blot analysis
were performed as we previously described [31]. Briefly,
cells were harvested in the lysis buffer. For western blot
analysis, proteins were subjected to sodium dodecyl sulfate—
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polyacrylamide gel electrophoresis and transferred to poly-
vinylidene fluoride membranes. The membranes were im-
munoblotted with the primary antibodies against AKT and
phospho AKT (Ser 473) (Cell Signaling Technology). Mem-
branes were reacted with the secondary antibody (GE
Healthcare) and developed with ECL plus (GE Healthcare)
as instructed by the manufacturer. The signal on the blot was
detected with ImageQuant LAS 4000 System (GE Health-
care).
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FIG. 2. Transplantation of adipocytes derived from human iPS cells and ES cells. (A) Appearance of a BALB/cA nude
mouse into which Matrigel containing differentiated human iPS cells was transplanted. The arrowhead indicates the trans-
plantation site. (B) Appearance of the mouse subcutaneous tissue collected at 2 weeks after transplantation of Matrigel
containing differentiated human iPS cells. Scale bar =2mm. (C) Timeline of transplantation study. After 14 days of in vitro
differentiation, differentiated human iPS and ES cells were transplanted. Implanted Matrigel containing differentiated human
iPS and ES cells was collected at the indicated time points. (D-1) Transplanted cells were stained with hematoxylin and eosin.
Morphological features of implanted Matrigel containing differentiated G4 (D, F, H) and H9 (E, G, D) after 1-4 weeks. D, E: 1
week, F, G: 2 weeks, H, I: 4 weeks. Scale bars=100um. (J, K) Morphological features of implanted Matrigel containing
adipocytes derived from human mesenchymal stem cells (J) and implanted cell-free Matrigel (K) after 4 weeks. Scale
bars =100 um. (L-N) Morphological features of implanted Matrigel containing undifferentiated G4 after 1-4 weeks. L: 1 week,
M: 2 weeks, N: 4 weeks. Scale bars=50 pum.

Transplantation of derivatives from human iPS cells
and ES cells

Flow cytometric analysis

At 3 days after attachment of EBs and supplementation of

adipogenic cocktails, cells were harvested. Single-cell sus-
pensions were labeled for 30min on ice with the mouse
fluorescence-conjugated antibodies against PE-CD73 and PE-
CD105 (eBioscience). The cells were analyzed by FACS-Aria
II (BD Biosciences).

This study was performed after approval of the Kyoto Uni-
versity Graduate School and Faculty of Medicine, Ethics Com-
mittee (No. 824 and ES6). All animal experiments were
performed in strict accordance with the guidelines for animal
experiments of Kyoto University. Matrigel (BD Biosciences) was
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mixed with a suspension of differentiated or undifferentiated
human iPS and ES cells harvested from a confluent 100-mm
dish. Matrigel incorporating 2x 107 differentiated or 1x10” un-
differentiated PS cells was then carefully implanted into the
subcutaneous tissue on the backs of 8-week-old male BALB/cA
nude mice (CLEA Japan) using a syringe with a 21-gauge needle.
Samples of skin tissue, including the implanted Matrigel were
harvested for further studies at 1 day, 1 week, 2 weeks, and 4
weeks after transplantation. Matrigel incorporating adipocytes
derived from 2x10° human bone marrow-derived mesenchy-
mal stem cells was also implanted into the subcutaneous tissue
on the backs of the BALB/cA nude mice as a positive control
study.

Immunohistochemistry

Human adipose tissue biopsy was performed after ap-
proval of the Kyoto University Graduate School and Faculty
of Medicine, Ethics Committee (No. 553). Each tissue speci-
men was fixed in 10% neutralized formalin solution, em-
bedded in paraffin, sectioned at the central portion of
implanted Matrigel, and followed by staining with hema-
toxylin and eosin (HE) or immunohistochemical studies. The
paraffin sections were immunostained using the Polymer
Immunocomplex System (DAKO) with a 1:50 dilution of a
primary antibody against human vimentin (DAKO). Phos-
phohistone H3 was stained with a 1:100 dilution of the pri-
mary antibody (Cell Signaling Technology). Cryosections
from the samples were fixed with a 10% neutralized formalin
solution before embedding in optimal cutting temperature
compound. Lipid accumulation in transplanted cells was
assessed by Oil Red O staining. Morphometric analyses were
performed using BZ-9000. The relative adipocyte area was
expressed as the ratio of the adipocyte area to the total Ma-
trigel area in each section.

Reverse transcription polymerase chain reaction

Total RNA was extracted using the TRIzol reagent (In-
vitrogen). For reverse transcription polymerase chain reaction
(RT-PCR) assay, cDNA was synthesized by iScript (BIORAD).
Semiquantitative PCR was carried out using GeneAmp PCR
System 9700 as instructed by the manufacturer (Applied Bio-
systems). TagMan PCR was performed using Step One Plus
Real-Time PCR System as instructed by the manufacturer
(Applied Biosystems). Relative levels of mRNA were normal-
ized to the mRNA level of GAPDH. The primers and probes
used were listed in Supplementary Fig. S2.

Statistical analysis

The data are presented as meanz*standard error. The
Student’s t-test was used as the statistical analysis. The level
of significant difference was the p-value <0.05.

Resulis

Adipogenic differentiation of human iPS
and ES cells in vitro

Human iPS (G4, B7, and W12) and ES (H9) cells were
differentiated into the adipocyte lineage in vitro. Differ-
entiated iPS and ES cells exhibited prominent lipid accu-
mulation by Oil Red O staining, while lipid accumulation
was rarely observed in undifferentiated cells (Fig. 1A-E).
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After differentiation in vitro, gene expression of a set of
adipocyte markers, such as PPARy2, CCAAT/enhancer-
binding protein (C/EBP) o, fatty acid-binding protein-4
(FABP4), and leptin, was detected by RT-PCR analysis. Gene
expression of Nanog in differentiated cells was markedly lower
than in undifferentiated cells (Fig. 1F). Immunohistochemical
analysis showed that the PPARy protein was present within
the nuclei of a portion of the differentiated iPS and ES cells
containing lipid droplets, while the PPARy protein was not
detected in undifferentiated cells (Fig. 1G-O). Further, these
differentiated cells were examined whether they have lipo-
lytic responses and insulin responsiveness. In differentiated
cells from both iPS and ES cells, 10 uM forskolin significantly
enhanced glycerol release into the culture medium (~1.6-
fold and ~1.8-fold increase, respectively), as compared to
vehicle-treated groups. In undifferentiated iPS and ES cells,
10 uM forskolin did not significantly increase glycerol release
(Fig. 1P). In addition, 100 nM or 1puM insulin remarkably
increased AKT phosphorylation in differentiated iPS and ES
cells as compared to vehicle-treated groups. AKT phos-
phorylation was also slightly enhanced in undifferentiated
iPS and ES cells (Fig. 1Q). These findings suggest the pres-
ence of adipocytes with functional properties in differenti-
ated iPS and ES cells.

Transplantation of adipocytes derived
from human iPS and ES cells

After 14 days of in vitro differentiation, Matrigel con-
taining differentiated human iPS (G4) or ES (H9) cells was
transplanted into the subcutaneous tissue on the backs of 8-
week-old BALBc/ A nude mice (Fig. 2A). Matrigel containing
undifferentiated iPS cells or cell-free Matrigel was trans-
planted as a negative control, while Matrigel containing
adipocytes derived from human bone marrow-derived
mesenchymal stem cells was transplanted as a positive
control. At 1 day, 1 week, 2 weeks, and 4 weeks after
transplantation, samples of skin tissue containing the Ma-
trigel were harvested. Grossly, small blood vessels could be
seen distributed in Matrigel (Fig. 2B). Timeline of the trans-
plantation study was demonstrated (Fig. 2C). Preparation of
histological sections and HE staining of specimens collected
at 1 week after transplantation revealed that the differenti-
ated iPS or ES cells possess adipocyte-like features, including
thin rims of cytoplasm surrounding the vacuole and flat-
tened nucleus (Fig. 2D, E). Similar histological findings were
observed at 2 and 4 weeks after transplantation of differen-
tiated iPS and ES cells (Fig. 2F-I). These cells were also noted
at 4 weeks after transplantation of adipocytes derived from
human mesenchymal stem cells (Fig. 2J), but no adipocytes
described above were observed in cell-free Matrigel at 4
weeks after transplantation (Fig. 2K). By contrast, adipocytes
derived from human iPS and ES cells were rarely seen at 1
day after transplantation (data not shown), which may in-
dicate the loss of lipid droplets caused by the transplantation
procedure and insufficient vascularization in the Matrigel at
that time. Histological findings also showed that Matrigel
with undifferentiated human iPS cells mainly contained
immature neuroectodermal cells such as neural tube cells at
1, 2, and 4 weeks after transplantation (Fig. 2L-N). No adi-
pocytes described above were detected throughout the
transplantation period.
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Characterization of transplanted cells derived
from human iPS and ES cells

We next calculated the relative areas of the adipocytes by
dividing the adipocyte area by the total Matrigel area in
sections of skin tissue collected at 1 day, 1 week, 2 weeks,
and 4 weeks after transplantation of differentiated human
iPS and ES cells. The areas were 0.63%+0.10% (G4) and
0.42%£0.17% (H9) on day 1 after transplantation. At 1 week
after transplantation, the relative areas were 2.27%*1.19%
(G4) and 9.39%+1.36% (H9), and by 2 weeks after trans-
plantation, they had increased to 5.26%+0.46% (G4) and
12.9%+5.32% (H9). However, the areas had declined to
217%+1.28% (G4) and 6.97%+1.66% (H9) at 4 weeks after
transplantation (Fig. 3A). Thus, the adipocytes were clearly
present at 1-4 weeks after transplantation of differentiated
iPS or ES cells, and relative adipocyte areas were maximal at
2 weeks after transplantation.

To assess the proliferative capacity of the transplanted cells,
the cells were immunostained with an antibody against phos-
phohistone H3 at 2 weeks after transplantation. Adipocytes
derived from human iPS and ES cells exhibited little or no
proliferative capacity (Fig. 3B, C), whereas the immature neu-
roectodermal cells exhibited a high-proliferative capacity in
transplantation of undifferentiated human iPS cells (Fig. 3D).

The origin of the adipocytes in the Matrigel was studied
by immunostaining with an antibody against human vi-
mentin. According to the manufacturer’s guide and an ear-
lier report [32], the antibody used does not cross react with
mouse vimentin. We also evaluated the cross reactivity of the
antibody with mouse vimentin. Vimentin was stained with
the antibody in human mesenchymal stem cells, while it was
not stained in mouse 3T3-L1 cells (Supplementary Fig. S3A—
D). Moreover, human subcutaneous adipose tissue was
stained with the antibody (Supplementary Fig. S3E), but
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mouse subcutaneous adipose tissue was not (Supplementary
Fig. S3F).

When we then assessed the human vimentin immunore-
activity of the cells within the Matrigel, we found that adi-
pocytes derived from both iPS and ES cells were labeled by
the anti-vimentin antibody at 2 and 4 weeks after trans-
plantation (Fig. 4A-H). Further, lipid accumulation in the
cells was demonstrated by staining frozen sections with Oil
Red O at 2 and 4 weeks after transplantation (Fig. 4I-L).
Similar histological findings were observed at 2 weeks after
transplantation of adipocytes derived from human bone
marrow-derived mesenchymal stem cells (Fig. 4M-O).

Gene expression of a set of adipocyte markers in transplanted
differentiated iPS and ES cells was then investigated by PCR
analyses. Gene expression of PPARY2, C/EBPa, aP2, and leptin
was detected at 2 and 4 weeks after transplantation (Fig. 5A, B).
Quantitative real-time PCR analyses carried out with the sam-
ples after transplantation revealed that leptinand PPARy2 were
expressed at 1,2, and 4 weeks after transplantation. In both iPS
and ES cells, mRNA levels of leptin at 1 and 2 weeks after
transplantation were higher than those at 4 weeks after trans-
plantation (Fig. 5C). Meanwhile, mRINA levels of PPARY2 at 4
weeks after transplantation were maintained inboth cell lines as
compared with those at 2 weeks (Fig. 5D).

Transplantation of other human pluripotent
stem cell lines

When we similarly transplanted Matrigel containing other
differentiated human iPS cell line (B7 and W12) and another
human ES cell line (KhES-1), adipocytes described above were
observed at 2 weeks after transplantation, suggesting that adi-
pocytes derived from other PS cells can survive after transplan-
tation (Fig. 6A-C). At that time, the relative areas of adipocytes
derived from B7, W12, and KhES-1 were 1.11%%0.57%,
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FIG. 4. Human origin and lipid accumulation in transplanted cells. (A-H) HE staining (A, C, E, G) and immunostaining
with an antibody against human vimentin (B, D, F, H) of serial sections of transplanted cells after 2 weeks (A, B: differen-
tiated G4; C, D: differentiated H9) and 4 weeks (E, F: differentiated G4; G, H: differentiated H9). Scale bars=20 um. (I-L) Oil
Red O staining of the frozen sections of transplanted cells after 2 weeks (I: differentiated G4, J: differentiated H9) and 4 weeks
(K: differentiated G4, L: differentiated H9). Scale bars =50 pm. (M, N) HE staining (M) and immunostaining with an antibody
against human vimentin (N) of serial sections of transplanted adipocytes derived from human bone marrow-derived mes-
enchymal stem cells after 2 weeks. Scale bars =20 pm. (O) Oil Red O staining of the frozen sections of transplanted adipocytes
derived from human bone marrow-derived mesenchymal stem cells after 2 weeks. Scale bar=>50 pum. HE, hematoxylin and

eosin.

1.45%+0.48%, and 2.41% *1.42%, respectively (Fig. 6D), much
less than were seen with G4 and H9. To examine the adipogenic
differentiation rate of in vitro differentiated iPS and ES cells be-
fore transplantation, we quantified Oil Red O-stained areas of the
differentiated iPS and ES cells. The areas of differentiated G4 and
HY9 were 23.89%*1.28% and 26.51%+£1.29%, respectively.
Moreover, those of differentiated B7, W12, and KhES-1 were
20.92%2.77%, 22.92%+0.56%, and 21.25%%2.17%, respec-
tively (Supplementary Fig. 54), smaller than those of differenti-
ated G4 and HO.

Discussion

The present study demonstrates that human iPS and ES
cells can differentiate into adipocytes with functional prop-
erties in vitro and that adipocytes derived from human iPS
and ES cells can survive and maintain the differentiated
properties in vivo for at least 4 weeks after transplantation.

We and others have reported that human iPS [13,33] and ES
[34-40] cells have adipogenic potential in vitro. However, the
functional properties of adipocytes derived from human iPS
cells have not yet been fully characterized. Lipid storage and
lipolysis are considered as major functions of mature adipocytes.
Adipocytes store triacylglycerol when energy is in excess, and
hydrolyze triacylglycerol to release fatty acids for utilization in
other cells in response to energy demand. Triacylglycerol syn-
thesis occurs in various tissues, while lipolysis predominantly
occurs in adipose tissue [41]. The present study shows that
PPARY is localized in the nuclei of differentiated human iPS cells
containing lipid droplets, and that these cells exhibit forskolin-
stimulated lipolytic responses and insulin-induced AKT
phosphorylation, suggesting that adipocytes with functional
properties, such as lipid storage, lipolysis, and insulin respon-
siveness, can be differentiated from human iPS cells.

We also confirmed the presence of adipocytes after
transplantation of differentiated human iPS and ES cells. We
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studied whether in vitro-differentiated adipocyte-derived
human PS cells survived or not. When human iPS and ES
cells are subjected to in vitro adipogenic induction via EB
formation, the derivatives make up a heterogeneous popu-
lation that includes adipocytes, preadipocytes, residual un-
differentiated cells, and other cell types. Thus, adipocytes in
transplanted Matrigel could be derived from any of these cell
types after transplantation.

Time course analysis showed that the presence of adipo-
cytes was confirmed at 1 week after transplantation of dif-
ferentiated iPS and ES cells. Then, relative adipocyte areas
peaked at 2 weeks. The adipocytes at 2 weeks after trans-
plantation exhibited little or no proliferative capacity com-
pared to immature neuroectodermal cells derived from
undifferentiated iPS cells. Adipocytes were still present at 4
weeks. These findings indicate that adipocytes survive and
maintain the differentiated state for 4 weeks after trans-
plantation. Further, adipocytes described above were not
seen in transplantation of undifferentiated iPS cells.

In that context, we hypothesize that the presence of adi-
pocytes in transplanted Matrigel reflects the survival and
maintenance of iPS and ES cells differentiated in vitro, al-
though in vivo differentiation of preadipocytes may also
contribute to the adipocytes seen in Matrigel after trans-
plantation. Adipocytes as well as skeletal muscle cells, oste-
ocytes, and chondrocytes are thought to be derived from
mesenchymal progenitor cells [42,43]. Human mesenchymal
stem cells have a characteristic surface antigen profile. Me-
senchymal progenitor cells derived from human PS cells are
enriched by sorting CD73- or CD105-positive cells
[14,33,34,38]. We investigated the presence of mesenchymal
progenitor cells in differentiated iPS and ES cells with adi-
pogenic cocktail just before the transplantation. The expres-
sion of these surface antigens was analyzed in differentiated
iPS and ES cells after the treatment with adipogenic cocktail.
However, these representative surface antigens of human
mesenchymal stem cells were not detected in differentiated
iPS and ES cells (Supplementary Fig. S5), suggesting that




