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BA, which is responsible to a B3-adrenergic receptor agonist,
has also been generated from human multipotent adipose-
derived stem cells by chronic treatment with thiazolidinediones
(Elabd et al., 2009). The merit of our system is that it does not
require preparation of human specimen materials but utilizes
hPSCs, which are capable of unlimited expansion in vitro.

One of the main findings of our research is that HC composed
of KITLG, IL6, FLT3LG, and VEGF is essential for BA differentia-
tion of hPSCs. Although BMP7 plays an important role in BA
differentiation of hPSC (Figure S2) as reported in murine cases
(Tseng et al., 2008), HC is indispensable for BA differentiation
of hPSCs (Figure 1D). It is known that VEGF is synthesized in
rodent BAT (Asano et al., 1997; Tonello et al., 1999), promoting
the angiogenesis within BAT. Moreover, L6 is reportedly
secreted from cultured human BM adipocytes (Laharrague
et al.,, 2000). Our findings imply that VEGF and IL6, together
with KITLG and FLT3LG, work as fundamental autocrine or
paracrine factors to promote BA differentiation.

Compatible to the finding by Sellayah et al. (Sellayah et al.,
2011), the inhibitor analyses demonstrated the involvement of
p38 MAPK signaling, but not of MEK signaling, in BA differen-
tiation of hESC (Figures 5E-5G). However, distinct findings
were obtained from the case of hiPSCs, in which MEK
signaling played a role in BA differentiation (Figure 5E-5G). At
this moment, the basis for the difference in the effects of iden-
tical inhibitors between hESCs and hiPSCs remains elusive. It
may be related to the difference in the genetic background
of pluripotent stem cell lines, reflecting the individual difference
of the “donor” or the difference in the type of pluripotent stem
cells or both. Further investigations are required to obtain the
whole picture of the molecular basis for BA differentiation of
hPSCs.

By providing high-purity human BA and WA materials, we
demonstrated the differential effects on metabolic regulation
between BA and WA: BA improves while WA deteriorates
glucose metabolism. Because those effects were confirmed
by a short-term assay without body weight changes and also
because the effects of BA and WA on lipid metabolism were
similar, the beneficial effect of BA on glucose metabolism is
not a secondary consequence of general metabolic improve-
ment. Conventional subcutaneous fat transplantation experi-
ments were not able to distinguish the effect of BA from that of
WA, because subcutaneous fat tissues contain both WA and
BA. Thus, our system will provide a unique tool for the research
of BA in regard to glucose metabolism.

Another surprising finding is the functional link between BA
and hematopoiesis. We showed that hPSCdBAs serve as
a stroma for MPCs. In contrast to the “niche” for HSCs, which
is composed of immature osteoblasts and sinusoidal endothelial
cells, the “stroma” for committed HPCs remains a mystery. The
only report showing the characteristic of such stroma was
a study by Dexter et al. (Dexter et al., 1977), in which BM fat cells
with multilocular lipid droplets attached by mitochondria
were identified as a stroma for CFU-S. Our resuits indicating

that (1) hPSCdBAs express various hematopoietic cytokines in
response to B-adrenergic receptor stimuli, (2) hPSCdBAs
promote myelopoiesis of human cord blood CD34" cells, and
(3) B-adrenergic receptor stimuli accelerate the recovery from
5-FU-mediated myelosuppression together show that BM-BAT
serves as a stroma for MPCs. Among those, the third finding is
particularly important because it illustrates a very feasible way
to shorten the period of myelosuppression, the major side effect
of intensive chemotherapy for progressive cancers.

The PET-CT results of young healthy volunteers, together
with gene expression analyses of human BM specimen and
histological examinations of murine vertebral BM samples,
strongly suggest the existence of active BAT in vertebral BM in
mammals. Because classical BAT is derived from Myf5-positive
myoblastic cells (Seale et al., 2008) and because Myf5-positive
cells emerge at the juxtaspinal, prospectively paravertebral,
regions within somites (Cossu et al., 1996; Braun and Arnold,
1996), the existence of BA in vertebral BM seems reasonable.
Because the major portions of vertebrae are composed of
trabecular bones, which are the sites of active hematopoiesis,
and the vertebral marrow is the last reserve site for hematopoi-
etic activity in aged individuals (Tanaka and Inoue, 1976), the
hematopoietic microenvironment of vertebral BM may bear
a unique character. Further investigation will elucidate the whole
picture of HPC regulation.

Our system, providing highly functional hiPSCdBA, may open
a new avenue to the therapy for obesity. However, we have
found that BA differentiation efficiencies substantially differ
among hiPSC lines (data not shown), as reported in the case of
pancreatic B cell differentiation of hESCs (Osafune et al., 2008).
For clinical application, selection of appropriate lines of hiPSCs
will be as important as sophisticating the whole differentiation
process into good manufacturing practice levels.

EXPERIMENTAL PROCEDURES

Establishment of hiPSCs and Provision of hESCs

SeV-iPS cells were established from human neonatal fibroblast or human
umbilical vein endothelial cells by introducing Yamanaka’s four factors using
CytoTune-iPS ver.1.0 (DNAVEC Corp) (Figure 87). Transgenes were eliminated
by a 39pC heat treatment for 5 days. A hESC line (KhES-3) was generously
provided by the Institute for Frontier Medical Science, Kyoto University
(Suemori et al., 2006).

A Directed Differentiation of hESCs/hiPSCs into Functional BA

hESCs or hiPSCs were cultured in a 6 cm low-attachment culture dish using
a serum-free differentiation medium composed of 1:1 ratio of IMDM (13390,
Sigma Chemical Co.) and Ham’s F12 (087-08335, WAKO Pure Chemical
Industries), 5 mg/ml bovine serum albumin (AB02, Sigma Chemical Co.),
1:100 synthetic lipids (GIBCO #11905-031, Life Technologies, Inc.), 450 uM
«- monothioglycerol (207-09232, WAKO Pure Chemical Industries), 1:100
insulin-transferrin-selenium (ITS-A, Life Technologies, Inc.), 2 mM Glutamax
Il (GIBCO #35050-061, Life Technologies, Inc.), 5% protein-free hybridoma
mix (PFHMIl, GIBCO #12040-077, Life Technologies, Inc.), 50 pg/mi
ascorbic acid-2-phosphate (Sigma, A-8960), and the hematopoietic cytokine
cocktail 1 (6 ng/mi IGF-Il, 20 ng/ml BMP4, 5 ng/ml VEGFA, 20 ng/m!
KITLG, 2.5 ng/ml FLT3LG, 2.5 ng/ml IL-6) for 8 days to form spheres. The

immunostaining using an anti-UCP1 antibody (I} and anti-human HLA-A,B,C antibody (J) at day 7. Arrowheads in (H) indicate microvasculatures. Scale bars,

50 pm.

(K-M) Mice were transplanted with hMSCdWAs alone or together with hESCdABA, and OGTT was performed. Fasting blood glucose levels (K), HOMA-IR (L),
and blood glucose values after oral glucose loading (M) are shown. The error bars in (A), (B), (D)-(G), (K), (L), and (M) represent average + SD.
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Figure 5. Signals Involved in BA Differentiation

(A) Developmental marker expression was examined by RT-PCR during BA differentiation of hESCs. Similar results were obtained regarding hiPSCs
(data not shown).

(B) Myobilastic marker expressions were determined by RT-PCR during floating culture.

(C and D) The role of each cytokine was evaluated by morphological examinations (C) and RT-PCR (D). Scale bar, 100 pm (upper panels); and scale bar, 150 um
(lower panels).

(E-G) Inhibitor analyses. BA differentiation was performed in the presence of inhibitors of BMPR1a, p38 MAPK, MEK1, or AKT as indicated. Phase contrast
micrographs of the spheres at day 8 (scale bar, 200 um) (E) and those of BA at day 10 (scale bar, 50 um) (F) were shown. Expressions of UCPT and PRDM16 were
determined at day 10 by RT-PCR (G).
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Figure 6. Hematopoietic Stromal Assays
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(B) After 8 weeks from transplantation, cells were collected from the spleen and subjected to flow cytometry. hCD45-positive percentages were calculated.
Similar results were obtained at 6 and 12 weeks after transplantation (data not shown). The error bars represent average + SD (n = 3).

(C and D) Various hematopoietin expression was examined by RT-PCR in immature hESCs (ihESCs), hESCdBAs, and hMSCdWAs (C). Hematopoietin expression
in hESCdBAs after isoproterenol treatments was examined over time by RT-PCR (D).

(E and F) 5-FU treatment assay. Experimental procedure (E) and the results of BM-enucleated cell counts (F) were shown. The error bars represent average + SD

(n=23).

hESC/hiPSC-derived spheres were further cultured on gelatin-coated 6-well
plates using the above-described serum-free medium supplemented
with the hematopoietic cytokine cocktail Il (5 ng/ml IGF-II, 10 ng/ml BMP7,
5 ng/ml VEGFA, 20 ng/ml KITLG, 2.5 ng/mi FLT3LG, 2.5 ng/ml IL-6) for
several days.

Protein Expression Analyses

Immunostaining was performed using a goat polyclonal anti-human UCP1
antibody (sc-6528, Santa Cruz Biotechnology, Inc.) or a rabbit polyclonal
anti-human SOD2 antibody LS-C39331, LifeSpan BioSciences Inc., Seattle,
WA) as described previously {Nakahara et al., 2009). Western blotting was
performed using a rabbit polyclonal UCP1 (Ab10983) (Abcam plc., Cambridge,
UK) as described previously (Nakahara et al., 2009).

Gene Expression Analyses
RT-PCR was performed using primers described in Supplemental Information.
Quantitative RT-PCR (gPCR) was performed by applying SYBR Green gPCR

method using primers purchased from SuperArray (QIAGEN Science,
Maryland, USA) as described in the Supplemental Experimental Procedures.
The results were normalized by GAPDH.

Electron Microscopic Examinations

Cells were fixed by 2.5% glutaraldehyde. Postfixation by 2% osmium
tetroxide, along with sample embedding into resin and slicing, was
performed by Bio Medical Laboratories Co. Ltd. (Tokyo, Japan) (Saeki et al.,
2000).

Inhibitor Analyses

BA differentiation was performed by adding the following inhibitors to
the differentiation medium: 10 pM p38 MAP kinase inhibitor (Cat 506126)
(Calbiochem Co., Darmstadt, Germany), 50 uM MEK1 inhibitor (PD 98059)
(Calbiochem Co.), 10 uM BMPR1a inhibitor (Dorsomorphin Dihydrochloride,
Cat 047-31801) (WAKO Pure Chemical Industries, Osaka, Japan), and
10 pM Akt inhibitor IV (Cat 124011) (Calbiochem Co.).
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Figure 7. Examinations on BM-BAT
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Oxygen Consumption Analyses

The adherent culture step of BA differentiation was performed on special
96-well plates (Seahorse Bioscience Inc., Billerica, MA) precoated by 0.1%
gelatin by seeding 30 spheres per well. Oxygen consumption was analyzed
by Extraceliular Flux Analyzer XF96 (Seahorse Bioscience Inc.) according to
the manufacturer’s guidance.

Calorigenic Analyses

The 1 x 10° of hPSCABA or immature hPSCs were suspended in 100 pl saline
and subcutaneously transplanted into 5-week-old male ICR mice After 24 hr,
30 pmol/kg of isoproterenol (12760, Sigma Chemical Co.) was administrated
from the tail vein. After another 4 hr, mice were anesthetized, and dermal
temperature was measured by Thermo GEAR G120/G100 (NEC Avio Infrared
Technologies Co., Ltd, Tokyo, Japan). All animal care procedures involved in
calorigenic analyses, assessment of lipid and metabolism, and hematopoietic
stromal assays were approved by the Animal Care and Use Committee of
the Research Institute, National Center for Global Health and Medicine
(NCGM), and complied with the procedures of the Guide for the Care and
Use of Laboratory Animals of NCGM.

Assessment of Lipid Metabolism

Six-week-old male CR mice were subcutaneously transplanted with 1 x 108 of
immature hESC, hESCABA, or hMC-derived WA suspended in 100 pl salineand
kept abstained from feed. After 16 hr, isoproterenol (30 pmol/kg) was adminis-
trated. After another 2 hr, blood samples were taken, and TG concentrations

males and human BM-derived hMSCdWA (hBM-
MCdWA).

(B) '®F-FDG-PET/CT. Typical results of the
frontal images under warm and cold conditions
were shown. Arrows indicate '®F-FDG uptake
into vertebrae per se, and arrowheads indicate
8F-FDG uptake into classical paravertebral BA.
(C and D) Shown are sagittal and axial section
images of '®F-FDG-PET/CT under warm (C) and
cold conditions (D). Arrows indicate the '®F-FDG
uptake into vertebral BM.

(E and F) Thoracic vertebra of 3-week-old ICR
mice was subjected to HE staining (E) or UCP1
immunostaining (FF). Arrowheads indicate the
existence of BA.

were measured by Accutrend Plus (F. Hoffmann-
La Roche, Ltd., Basel, Switzerland). For oral fat
tolerance tests, ICR mice were subcutaneously
transplanted with immature hPSC or hPSCdBA
and kept abstained from feed. After 16 hr, isopro-
terenol (15 umol/kg) was administrated. After
another 2 hr, 200 pl of olive oil was orally adminis-
trated, and blood TG levels were measured
every 2 hr.

Assessment of Glucose Metabolism

The 1 x 10° of hESCABA or h(MSCAWA was trans-
planted to 6- or 10-week-old male ICR mice, which
were kept abstained from feed. After 16 hr, isopro-
terenol (30 umol/kg) was administrated. After
another 4 hr, 2 g/kg of glucose (041-00595, Wako
Pure Chemical Industries, Ltd., Osaka, Japan)
was orally administrated. Blood sample were taken
after 0, 15, 30, and 60 min. Blood glucose concen-
trations were measured by Accutrend Plus, and
plasma insulin concentrations were measured
by mouse insulin ELISA kit (Morinaga Institute of Biological Science, Inc.,
Yokohama, Japan).

Hematopoietic Stromal Assays

The human cord blood CD34™ cells were cultured on hPSCdBA layers without
recombinant cytokines in RPMI1640 medium supplemented with 10% fetal
calf serum. Floating cells were collected after 7 days, and 2 x 10° cells were
transplanted into tibial bone marrow of NOG mice. After 6, 8, and 12 weeks,
cells were collected from contralateral femoral bone marrow and spleen and
subjected to cytometry using an anti-human CD45-FITC (clone J33) (Beckman
Coulter Inc.) and anti-human CD33-PE antibody (clone WM53) (BD Biosci-
ences, San Jose, CA). For control, cord blood CD34™" cells were directly trans-
planted without coculture. For myelosuppression recovery assays, 100 mg/kg
of 5-FU was intraperitoneally administrated. From day 3 to day 6, 30 pmol/kg of
isoproterenol was administrated from tail vein. At day 7, bone marrow cells
were collected from femoral bones and analyzed.

'8E.FDG-PET/CT Examinations

After careful instruction regarding the study and informed consent to partici-
pants, PET/CT examinations of healthy young volunteers (24.8 + 5.8 years of
age, n = 20) were performed. The protocol was approved by the institutional
review boards of Tenshi College. Standardized uptake value (SUV) was
measured by an expert as described in the Supplemental Experimental
Procedures. Data are reported as means + SEM. Statistics analyses were
performed using SPSS software, version 18 (International Business Machines
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Corp, New York), as described in the Supplemental Experimental Procedures.
P values are considered to be statistically significant if <0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, Supplemental Experimental
Procedures, and Supplemental References and can be found with this article
online at http://dx.doi.org/10.1016/j.cmet.2012.08.001.
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