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METHODS AND COMPOSITIONS FOR
INDUCING BROWN ADIPOGENESIS

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
The U.S. Government has certain rights in this invention pursuant to Grant

No. RO1 DK077097, awarded by the National Institutes of Health.

TECHNICAL FIELD
This disclosure relates to methods and compositions for treating obesity and weight-
related diseases and disorders. More specifically, the disclosure provides methods and
compositions for modulating (e.g., increasing) brown adipose tissue adipogenesis 1n a cell or
population of cells, and methods for identifying cells capable of undergoing differentiation to

or towards a brown adipose tissue cell lineage.

BACKGROUND

Obesity 1s a major global health concern both directly and indirectly through its role
in the development and pathogenesis of other disorders such as diabetes, heart disease, and
cancer. Obesity develops when energy intake exceeds energy expenditure and 1s generally
associated with an abnormal accumulation of fat cells or adipose tissue.

Adipose tissue, like muscle and bone, 1s of mesodermal origin, and contains a mitotic
compartment that allows for growth and differentiation of white fat cells, also known as
white adipose tissue (WAT) cells, and/or brown fat cells, also known as brown adipose tissue
(BAT) cells. Both BAT and WAT cells arise from mesenchymal stem cells, which when
triggered by the appropriate developmental cues become committed to the adipocyte lineage
and arc designated as preadipocytes. Preadipoxytes contain both WAT and BAT precursor or
cells progenitor cells capable of differentiating into BAT or WAT cells.

Recently, a myogenic gene expression signature was 1dentified in brown, but not

white, fat precursor cells (Timmons et al., Proc. Natl. Acad. Sci. U.S.A., 104:4401-4406,

2007), which suggests that BAT precursor cells are distinct and distinguishable from WAT
precursor cells. In addition, depots of brown adipocytes were found interspersed between

hindlimb muscle bundles 1n mice, particularly 1n obesity-resistant strains (Almind et al.,

Proc. Natl. Acad. Sci. U.S.A., 104:2366-2371, 2007), suggesting that skeletal muscle may

contain progenitor cells capable of differentiating to or towards BAT cells.
WAT tissue 1s the primary site of depot of triglycerides and release of fatty acids.

WAT 1s found underneath the skin and provides heat insulation, cushioning against shock and
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jarring, and energy reserves. An average lean person has roughly 20 to 40 billion WAT cells.
An obese person can have up to ten times more WAT than the average lean person.

BAT cells contain abundant and large mitochondria (Nedergaard et al., in Brown
Adipose Tissue, Trayhurn and Nicholls, Eds. (Edward Arnold, Baltimore, 1986)), which
serve as the center site for oxidative phosphorylation, intermediary metabolism, adaptive
thermogenesis, generation of reactive oxygen species, and apoptosis. In BAT, mitochondrial
biogenesis has been long known to accompany brown adipocyte differentiation. During the
past decade, 1t has become increasingly evident that altered in mitochondrial integrity can
contribute to a variety of human diseases, including obesity, diabetes, cancer,
neurodegeneration, and aging (Duchen, Diabetes 53 (Suppl 1):S96-102 (2004); Taylor and
Turnbull, Nat. Rev. Genet. 6:389-402 (2005); Lowell and Shulman, Science 307:384-387
(2005)).

BAT 1s involved m thermogenic energy expenditure through the expression of
uncoupling protein-1 (UCP-1). BAT-dependent energy expenditure serves to maintain body
temperature in the cold and/or waste food energy. Consequently, defective or insufficient
BAT 1s frequently associated with obesity. The importance of BAT 1n overall energy
homeostasis 1s underscored by the observation that BAT ablation in mice results 1n severe
obesity, which 1s frequently accompanied by insulin resistance, hyperglycemia,
hyperlipidemia, and hypercholesterolemia (Lowell at al., Nature 366(6457):740-2 (1993);
Hamann et al., Diabetes. 44(11):1266-73 (1995); Hamann ¢t al., Endocrinology 137(1):21-9
(1996).

SUMMARY OF THE INVENTION

This disclosure 1s based, at least 1n part, on the discovery that stem cell antigen-1
positive (Sca-1+) progenitor cells treated with one or more bone morphogenic proteins
(BMP) ditferentiate to or towards bona fide BAT cells. These BAT cells are genuine BAT
cells with a complete capacity to respond to catecholamine stimulation by turning on the
BAT cell thermogenic program.

As used herein, “BMP-treated” means that the cell has an artificially enhanced level
of BMP signaling, ¢.g., BMP-2, -4, -5, -6, and/or -7 signaling. “Artificially” enhanced means
that the level of BMP signaling has been increased by direct human intervention. BMP
signaling can be enhanced by any method described herein, e.g., by treating the cell with a
compound that enhances BMP signaling as described herein, ¢.g., BMP polypeptides, BMP

encoding nucleic acids, small molecules, and/or antibodies. Populations of Sca-1+ cells
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activated by methods described herein are also included within the present invention. The
cells can be autologous, allogeneic, or xenogeneic.

In some embodiments, methods described herein can include treating (e.g.,
contacting) a population of Sca-1+ progenitor cells with a compound 1n an amount sufficient
to increase BMP signaling, thereby producing a population of BMP-treated cells.

In certain embodiments, methods described herein can include implanting a
population of these BMP-treated Sca-1+ cells into a subject. The BMP-treated Sca-1+ cells
can be implanted directly or can be administered 1n a scaffold, matrix, or other implantable
device to which the cells can attach (examples include carriers made of, e.g., collagen,
fibronectin, elastm, cellulose acetate, cellulose nitrate, polysaccharide, fibrin, gelatin, and
combinations thercof). In general, the methods include implanting a population of BMP-
treated Sca-1+ cells comprising a sufficient number of cells to promote brown adipogenesis
in the subject, e.g., to increase the amount of BAT in the subject by at least 1%, e.g., 2%, 5%,
7%, 10%, 15%, 20%, 25% or more.

In some embodiments, the methods include providing a purified population of Sca-1+
progenitor cells, (e.g., a population of cells in which at least 60%, e.g., 70%, 80%, 90% or
more of the cells are Sca-1+ progenitor cells); and contacting these cells with a compound
capable of increasing the expression, levels or activity of one or more of BMP-2, -4, -5, -6,
and/or -7, as described herein, thereby generating BMP-treated cells.

A compound that increases BMP-2, -4, -5, -6, and/or -7 signaling can be, ¢.g., one or
more of the following:

(a) a BMP-2, -4, -5, -6, and/or -7 polypeptide or a functional fragment or
variant thereof, preferably an active (e.g., BMPR-I and/or BMPR-II activating)
BMP-2, -4, -5, -6, and/or -7 polypeptide or a functional fragment or analog thereof
(e.g., a maturec BMP-2, -4, -5, -6, and/or -7 polypeptide, ¢.g., a mature BMP-2, -4, -5,
-6, and/or -7 polypeptide described herein);

(b) a peptide or protein agonist of BMP-2, -4, -5, -6, and/or -7 that increases
the activity, e.g., the BMPR-I and/or BMPR-II activating activity of BMP-2, -4, -5, -
6, and/or -7 (e.g., by increasing or stabilizing binding of BMP-2, -4, -5, -6, and/or -7
to 1ts receptor);

(c) a small molecule or protein mimetic that mimics BMP-2, -4, -5, -6, and/or -
7 signaling activity, ¢.g., BMPR-I and/or BMPR-II binding activity, or SMAD
phosphorylating activity;
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(d) a small molecule that increases expression of BMP-2, -4, -5, -6, and/or -7,
¢.g., by binding to the promoter region of a BMP-2, -4, -5, -6, and/or -7 gene;

(¢) an antibody, e.g., an antibody that binds to and stabilizes or assists the
binding of BMP-2, -4, -5, -6, and/or -7 to a BMP-2, -4, -5, -6, and/or -7 binding
partner (e.g., a BMP-2, -4, -5, -6, and/or -7 receptor described herein). In some
embodiments, the antibody that binds to the BMP-2, -4, -5, -6, and/or -7 1s a
monoclonal antibody, ¢.g., a humanized chimeric or human monoclonal antibody; or

(f) a nucleic acid encoding a BMP-2, -4, -5, -6, and/or -7 polypeptide or
functional fragment or analog thercof. The nucleic acid can be a genomic sequence or
a CDNA sequence.

In some embodiments, the compound 1s a BMP-2, -4, -5, -6, and/or -7 polypeptide or
nucleic acid. As used herein, a “BMP-2, -4, -5, -6, and/or -7 polypeptide or nucleic acid” 1s a
BMP-2, -4, -5, -6, and/or -7 polypeptide or nucleic acid as described herein, e.g., a mature
human BMP-2, -4, -5, -6, and/or —7 polypeptide or active fragment thercof, or a nucleic acid
encoding a mature human BMP-2, -4, -5, -6, and/or —7 polypeptide or active fragment
thereof.

In some embodiments, the compound 1s a BMP-2 polypeptide, ¢.g., human BMP-2,
¢.g., a mature BMP-2 polypeptide, e¢.g., a BMP-2 polypeptide that includes amino acids 283-
396 of SEQ ID NO:1. The polypeptide can be a recombinant polypeptide.

In some embodiments, the compound 1s a BMP-4 polypeptide, ¢.g., human BMP-4,
e.g., a mature BMP-4 polypeptide, e.g., a BMP-4 polypeptide that includes amino acids 293-
408 of SEQ ID NO:2. The polypeptide can be a recombinant polypeptide.

In some embodiments, the compound 1s a BMP-5 polypeptide, e.g., human BMP-5,
¢.g., a mature BMP-5 polypeptide, e.g., a BMP-4 polypeptide that includes amino acids 323-
454 of SEQ ID NO:3. The polypeptide can be a recombinant polypeptide.

In some embodiments, the compound 1s a BMP-6 polypeptide, e¢.g., human BMP-6,
¢.g., a mature BMP-6 polypeptide, e¢.g., a BMP-6 polypeptide that includes amino acids 374-
513 of SEQ ID NO:4, amino acids 382-513 of SEQ ID NO:4, amino acids 388-513 of SEQ
ID NO:4, or amino acids 412-513 of SEQ ID NO:4. The polypeptide can be a recombinant
polypeptide.

In some embodiments, the compound 1s a BMP-7 polypeptide, e¢.g., human BMP-7,
¢.g., a mature BMP-7 polypeptide, ¢.g., a BMP-7 polypeptide that includes amino acids 293-
431 of SEQ ID NO:5. The polypeptide can be a recombinant polypeptide.
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In some embodiments, the compound 1s a nucleic acid encoding a BMP-2, -4, -5, -6,
and/or -7 polypeptide, or a biologically active fragment or analog thercof. A BMP nucleic
acid can include: a BMP-2, -4, -5, -6, and/or -7 coding region; a promoter sequence, €.g., a
promoter sequence from a BMP-2, -4, -5, -6, and/or -7 gene or from another gene; an
enhancer sequence; untranslated regulatory sequences, ¢.g., a 5' untranslated region (UTR),
c.g., a S'UTR from a BMP-2, -4, -5, -6, and/or -7 gene or from another gene, a 3' UTR, e.g., a
3'UTR from a BMP-2, -4, -5, -6, and/or -7 gene or from another gene; a polyadenylation site;
an 1nsulator sequence. In another embodiment, the level of BMP-2, -4, -5, -6, and/or -7
protein 1s increased by increasing the level of expression of an endogenous BMP-2, -4, -5, -6,
and/or -7 gene, ¢.g., by increasing transcription of the BMP-2, -4, -5, -6, and/or -7 gene or
increasing BMP-2, -4, -5, -6, and/or -7 mRNA stability. In some embodiments, transcription
of the BMP-2, -4, -5, -6, and/or -7 gene 1s increased by: altering the regulatory sequence of
the endogenous BMP-2, -4, -5, -6, and/or -7 gene, e.g., by the addition of a positive
regulatory element (such as an enhancer or a DNA-binding site for a transcriptional
activator); the deletion of a negative regulatory element (such as a DNA-binding site for a
transcriptional repressor) and/or replacement of the endogenous regulatory sequence, or
clements therein, with that of another gene, thereby allowing the coding region of the BMP-2,
-4, -5, -6, and/or -7 gene to be transcribed more efficiently.

In some embodiments, the nucleic acid encodes or increases transcription of BMP-7.

In some embodiments, the invention features a population of BMP-treated Sca-1+
progenitor. In some embodiments, the cells are genetically engineered to express increased
levels of a BMP-2, -4, -5, -6, and/or -7 polypeptide, ¢.g., a BMP-2, -4, -5, -6, and/or -7
polypeptide described herem, either stably or transiently. The cells can be, ¢.g., cultured
mammalian cells, ¢.g., human cells. In some embodiments, the cells are genetically
engineered to express at least one other protein as well, e.g., a non-BMP-2, -4, -5, -6, and/or -
7 polypeptide, and/or a second (or more) BMP protein. The expressed BMP-2, -4, -5, -6,
and/or -7 polypeptide will generally be of the same species as the stem cells, ¢.g., a human
BMP expressed in human cells. In some embodiments, the cells are immortalized, ¢.g.,
capable of self-renewal indefinitely 1n culture.

In one aspect, the present invention provides methods of increasing the number of
cells with the characteristics of brown adipose tissue (BAT) cells 1n a population of cells in
vitro. These methods include obtaining a population of cells disclosed herein comprising
stem cell antigen-1 positive (Sca-1+), CD45 negative, Mac-1 negative progenitor cells; and

contacting the population of progenitor cells in vitro with an effective amount of a compound
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that promotes increased expression of one or more of bone morphogenic protein (BMP)-2, -4,
-6, or -7 for a time sufficient to increase the number of cells with the characteristics of brown
adipose tissue (BAT) cells 1n the population of cells; or genetically engineering the
population of cells to express one or more of BMP-2, -4, -6, or -7 at a level sufficient to
increase the number of cells with the characteristics of BAT cells 1n the population of cells.

In another aspect, the present invention provides methods of promoting brown
adipogenesis 1n a subject. These methods include selecting a subject 1n need of treatment;
obtaining a population of cells disclosed herein comprising stem cell antigen-1 positive (Sca-
1+), CD45 negative, Mac 1 negative progenitor cells; and contacting the population of
progenitor cells in vitro with an effective amount of a compound that promotes increased
expression of one or more of bone morphogenic protein (BMP)-2, -4, -6, or -7 for a time
sufficient to increase the number of cells with the characteristics of brown adipose tissue
(BAT) cells 1n the population of cells; or genetically engineering the population of cells to
express one or more of BMP-2, -4, -6, or -7 at a level sufficient to increase the number of
cells with the characteristics of BAT cells 1n the population of cells; and administering the
population of cells to the subject, wherein the method effectively increases the number of
cells with characteristics of BAT cells 1n the subject.

In yet another aspect, the present invention provides a population of cells made by the
methods described herein and pharmaceutical compositions comprising these populations of
cells and pharmaceutically acceptable carriers.

In a further aspect, the present invention provides cell delivery systems. These cell
delivery systems include reservoirs containing one or more cells made by a method described
herein, pharmaceutically acceptable carriers, and a delivery device, e.g., a needle or cannula,
in fluid contact with the reservorr.

In yet another aspect, the present invention provides compositions comprising a
population of thermogenic BMP-treated stem cell antigen-1 positive (Sca-1+), cells. In some
instances, these cells are capable of non-shivering thermogenesis.

As used herein, “treatment” means any manner 1n which one or more of the symptoms
of a disease or disorder are ameliorated or otherwise beneficially altered. As used herein,
amelioration of the symptoms of a particular disorder refers to any lessening, whether
permanent or temporary, lasting or transient, of the symptoms, which can be attributed to or
assoclated with treatment by the compositions and methods of the present invention.

The terms “effective amount™ and “effective to treat,” as used herein, refer to an

amount or a concentration of one or more of the compositions described herein utilized for a
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period of time (including acute or chronic administration and periodic or continuous
administration) that 1s effective within the context of 1its administration for causing an
intended effect or physiological outcome.

The term “subject” 1s used throughout the specification to describe an animal, human
or non-human, rodent or non-rodent, to whom treatment according to the methods of the
present invention 1s provided. Veterinary and non-veterinary applications are contemplated.
The term includes, but 1s not limited to, mammals, e.g., humans, other primates, pigs, rodents
such as mice and rats, rabbits, guinea pigs, hamsters, cows, horses, cats, dogs, sheep and
goats. Typical subjects include humans, farm animals, and domestic pets such as cats and
dogs. In some embodiments, the subject 1s a mammal. In some embodiments, the subject 1s
a human subject, e.g., an obese human subject. In some embodiments, the subject 1S a non-
human mammal, e.g., an experimental animal, a companion animal, or a food animal, ¢.g., a
cow, pig, or sheep that 1s raised for food.

As used herein, an "1solated” or "purified" polypeptide, peptide, or protein 18
substantially free of cellular material or other contaminating proteins from the cell or tissue
source from which the protein 1s derived, or substantially free from chemical precursors or
other chemicals when chemically synthesized. “Substantially free" means that the
preparation of a selected protein has less than about 30%, (e.g., less than 20%, 10%, or 5%)
by dry weight, of non-selected protein or of chemaical precursors. Such a non-selected protein
1s also referred to herein as "contaminating protein,” When the 1solated therapeutic proteins,
peptides, or polypeptides are recombinantly produced, they can be substantially free of
culture medium, 1.¢., culture medium represents less than about 20%, (e.g., less than about
10% or 5%) of the volume of the protemn preparation.

As used herein, “obesity” refers to a disorder 1n a subject, wherein the subject’s
weight exceeds their 1deal weight, according to standard tables, by 20% or more, ¢.g., 25%,
30%, 40%, and 50%, or more. Obese can also mean an individual with a body mass index
(BMI) of 30 or more, ¢.g., 30-35 and 35-40 or more. For example, a subject diagnosed with
class I obesity has a BMI range of 30-34.9. A subject with class II obesity has a BMI range
of 35.0-39.9. A subject with class III obesity has a BMI greater than 40.

As used herein, “overweight” refers to a subject with a BMI range of 25.0-29.9.

As used herein, “stem cells” are capable of both self-renewal and differentiation into
many different cell lineages (1s pluripotent). “Progenitor cells” refers to a subset of stem cells
with phenotypes similar to that of a stem cell. A progenitor cell 1s capable of self-renewal

and 1s typically multipotent.
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Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Methods and materials are described herein for use in the present invention; other,
suitable methods and materials known 1n the art can also be used. The materials, methods,
and examples are illustrative only and not intended to be limiting. All publications, patent
applications, patents, database entries, and other references mentioned herein are
incorporated by reference in their entirety. In case of conflict, the present specification,
including definitions, will control.

Other features and advantages of the invention will be apparent from the following

detailed description and figures, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a collection of images of petridishes containing brown preadipocytes.

FIG. 1B 1s a collection of 1mages of white preadipocytes. Cells were treated using the
indicated bone morphogenic protein (BMP) and stained using O1l Red O to assess lipid
accumulation. Control cells were not exposed to BMP. Lipid accumulation 1s shown by
darkly stained cells, which appear red in color.

FIG. 2A 1s a bar graph showing uncoupling protein (UCP) and cell death-inducing
DFF45-like eftector A (CIDEA) expression in brown preadipocytes exposed to the mdicated
BMP as assessed using quantitative RT-PCR. Control cells were not exposed to BMP.  ***
P<0.001, ** P<0.01, * P<0.035.

FIG. 2B 1s an image of an immunoblot probed with antibodies specific for UCP-1 and
B-tubulin. B-tubulin 1s shown as a loading control.

FIGs. 3A and 3B are images showing photographs Oil Red O stained control cells (A)
and cells exposed to BMP-7 (B). Lipid accumulation 1s shown by darkly stained cells, which
appear red 1n color. Lipid droplets are also clearly visible in both 1mages.

FIG. 4A 1s a bar graph showing peroxisome proliferator activated receptor gamma
(PPARY), fatty acid binding protein 4 (aP2), fatty acid synthase (FAS), CIDEA, and UCP-1
expression in control cells and cells exposed to BMP-7 as assessed using quantitative
RT-PCR. Results are expressed as a percentage increase over the control cells.

FIG. 4B 1s a bar graph showing cCAMP induced UCP-1 expression 1n control cells and
cells exposed to BMP-7. The bar shown for UCP-1 treatment alone was used as the control

bar tor cCAMP.
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FIGs. SA-5C are images of BMP7 treated Sca-1+ cells 1solated from skeletal muscle
that have been stained with O1l Red-O (ORO) to assess lipid accumulation. Control cells
were not exposed to BMP. Lipid accumulation 1s shown by darkly stained cells, which
appear red 1n color.

FIG. 6A 1s a scattergraph showing the population of Sca-1+/CD45-/Mac-1- cells
obtained using FACS.

FIGs. 6B-6C are line graphs showing the presence or absence of various markers on
the surface of Sca-1+/CD45-/Mac-1- cells as assessed using flow cytometry. Arrows indicate
stained cells.

FIG. 7A-7N are line graphs showing the levels of markers detected over time using
quantitative RT-PCR 1n cells exposed to BMP-7. Arrows indicate the result observed for
cells exposed to BMP7.

FIG. 8 1s a bar graph showing CAMP induced UCP-1 expression in control cells and
cells exposed to BMP-7. The bar shown for UCP-1 treatment alone was used as the control
bar for cAMP.

FIGs. 9A-F are a set of six photomicrophs. 9A, 9C, and 9E show Sca-1+ cells
1solated from interscapular BAT (BAT)(9A), subcutaneous white adipose tissue (SQ-
WAT)(9C), and visceral white adipose tissue (EPI-WAT)(9E) not treated with BMP7
(control). 9B shows cells 1solated from interscapular BAT (BAT); 9D 1s cells from
subcutanecous white adipose tissue (SQ-WAT), and 9F shows cells from visceral white
adipose tissue (EPI-WAT) treated with BMP7 (BMP7).

FIGs. 10A-10B are bar graphs showing fatty acid synthase (FAS; A) and uncoupling
protein-1 (UCP-1; B) expression levels 1n cells 1solated from interscapular BAT (BAT),
subcutaneous white adipose tissue (SQ-WAT), and visceral white adipose tissue (EPI-WAT).

FIG. 11 1s a bar graph showing total Sca-1+ cells isolated from obesity resistant mice
(129) and obesity prone mice (B6).

FIGs. 12A-12B are bar graphs showing UCP-1 and PPARY expression levels 1n
BMP7 treated Sca-1+ cells 1solated from obesity resistant mice (129) and obesity prone mice
(B6). Untreated cells are shown as control.

FIGs. 13A-13D are fluorescent microscopic images. 13A and 13B show implanted
BMP7 treated Sca-1+ green fluorescent protein cells 10 days post-implantation. Control
1mages without implanted cells are shown 1n 13A and 13C. Implanted GFP cells are shown

on the right (in Figs. 13B and 13D) appear as more darkly shaded cells.
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FIGs. 14A-14F are images showing microscopic sections of fat pads mto which
BMP7 treated Sca-1+ green fluorescent protein cells were implanted. Sections are from non-
oreen fluorescent protein-positive recipient mice. Green fluorescent protemn-positive cells
were detected by epifluorescence 1n recipient mice at 10 days after injection. Original
magnification = 200X.

FIGs 15A-15F are bar graphs showing UCP-1, Cidea, PPARg, FAS, Myogenin and
MyoD expression levels in muscle derived Sca-1+ cells treated with BMP-7, BMP-3, BMP-4

or vehicle control (C). .

DETAILED DESCRIPTION

The present disclosure provides, inter alia, compositions and methods useful for
increasing BAT levels and/or function 1n a subject for treating subjects for obesity and weight
related diseases and disorders such as the conditions noted below. These methods include
promoting the differentiation of a defined subset of progenitor cells (e.g., progenitor cells
capable of differentiating into a BAT cell) to or towards a BAT cell lincage. More
specifically, the present disclosure 1s based, at least 1n part, on the discovery of a stem cell
antigen-1 positive (Sca-1+) progenitor cell that when treated with bone morphogenic protein
(BMP) 1s capable of differentiating to or towards a BAT cell lineage. As described herein,
these compositions and methods can be used to increase the BAT cell number and/or function
and/or to increase the ratio of BAT:WAT cells and thereby treat obesity and obesity related
diseases and disorders 1n a subject.

Some of the methods described herein include implanting BMP-treated Sca-1+
progenitor cells that have been treated with an agent that increases BMP signaling. In
general, the methods include treating (e.g., contacting) progenitor cells, €.g., Sca-1+
progenitor cells, with the compound 1n an amount sufficient to increase BMP signaling, and
thereafter implanting the BMP activated Sca-1+ cells (e.g., at least one cell or a population of
such cells) 1n a subject. Suitable agents can include the BMPs themselves, e.g., recombinant
proteins, or nucleic acids that encode the BMPs, and/or agents that increase BMP signaling,
¢.g., small molecules, antibodies and antibody fragments, pharmaceutical agents, and other
biological agents. In some embodiments, treating the cells includes genetically engineering

the cells in vitro to express a BMP 2, -4, -5, -6, and/or -7 polypeptide. The cells are then

administered to a subject. Populations of such genetically engineered Sca-1+ progenitor cells
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arc also included within the scope of the present invention. Other compounds are described

herein.

Cell Types

Cells suitable for use in the methods described herein include stem cell antigen-1
positive (Sca-1+) progenitor cells, for example mammalian Sca-1+ progenitor cells. Sca-1 1s
an 138-kDa glycosyl phosphatidylinositol-anchored surtace protein, which serves as a stem
cell marker for both hematopoetic stem cells and tissue resident progenitor cells. Sca-1+
progenitor cells useful 1in the present disclosure can be 1solated from a variety of tissues and
organs including, but not limited to, for example, skeletal muscle, prostate, dermis, the
cardiovascular system, mammary gland, liver, neonatal skin, calvaria, bone marrow, the
intestine, and adipose tissue (e.g., adipose tissue deposits). In some embodiments, Sca-1+
cells are 1solated from skeletal muscle, e.g., skeletal muscle bundles. In some embodiments,
Sca-1+ cells are 1solated from adipose tissue, e.g. adipose depots.

Sca-1+ progenitor cells can be unipotent, multipotent, and pluruipotent and can be of
mesenchymal origin. In some embodiments, Sca-1+ progenitor cells are non-myogenic
progenitor cells. In some embodiments, Sca-1+ progenitor cells can be a pluripotent stem
cell artificially derived (e.g., differentiated or partially differentiated) from a non-pluripotent
cell. Such cells are know 1n the art as induced pluripotent stem cells, which 1s commonly
abbreviated to 1PS or 1IPSCs (for a review see, e.g., Nishikawa et al., Mol. Cell. Biol., 9:725-
729, 2008).

Sca-1+ progenitor cells can be 1dentified by determining the presence or absence of

one¢ or more cell surface expression markers. Exemplary cell surface markers that can be

used to identify a Sca-1+ progenitor cells include, but are not limited to, Sca-1, CD45, Mac-1,
CD29 (integrin 1), CD105 (Endoglin), CD166 (ALCAM), desmin, vimentin, and c-Kit.

In some embodiments, a Sca-1+ positive cell can be 1dentified by detecting Sca-1.
Alternatively or 1n addition, Sca-1+ progenitor cells can be 1dentified by detecting additional
cell surtace markers. In some embodiments, Sca-1+ progenitor cells useful in the methods
described herein are negative for the cell surface markers CD45 and/or Mac-1, e.g., cells can
be Sca-1+/CD45-, Sca-1+/Mac-1, or Sca-1+/Cd45-/Mac-1-. In some embodiments, Sca-1+
progenitor cells can be Sca-1+/CD29+ cells. In some embodiments, Sca-1+ progenitor cells
can be Sca-1+/CD29+/Cd45-/Mac-1- cells. In some embodiments, Sca-1+ progenitor cells

can be Sca-1+ cells with one or more of the following cell surtace markers CD29+, CD34+,

Cd45-, Mac-1-, and CD117-.
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In some embodiments, additional cell surface markers can be 1dentitied on the surface

of a Sca-1+ progenitor cell following identification of the Sca-1+ progenitor cell, e.g., to

further characterize and/or confirm the 1dentity of the cell line. For example, Sca-1+ cells
can be assessed to determine the cell surface expression of other markers including but not
limited to, for example, CD29 (integrin 1), CD105 (Endoglin), CD166 (ALCAM), desmin,
vimentin, CD34, CD133, and c-kit.

Once a population of cells 1s 1dentified with a defined cell surface marker (e.g.,
Sca-1), the methods for identifying, 1solating, and enriching a population of such cells are
routine and known 1n the art. Such methods include for example, immunomagnetic cell
sorting, fluorescence activated cell sorting (FACS), adherence to tissue culture plates and
flasks, or culturing under conditions that favor the growth of the desired stem cells, and
combinations thereof. Using such methods, a Sca-1+ progenitor cell or a population of
Sca-1+ cells can 1solated, purified, and/or enriched, e.g., a population of Sca-1+ progenitor
cells 1n which at least 60%, ¢.g., 70%, 80%, 90% or more of the cells are Sca-1+ cells.

In some embodiments, a Sca-1+ cell or cells can be obtained without 1dentifying,
1solating, and/or enriching the cells. For example, Sca-1+ cells can be obtained from a cell
depository, e.g., the American Type Culture Collection.

In some embodiments, an 1solated Sca-1+ cell, clone, or population can be cultured
using standard cell culture techniques 1n order to obtain a larger population of cells.

In some embodiments, Sca-1+ cells can be stored 1n liquid nitrogen. The techniques
required for preparing cells for storage in liquid nitrogen and methods for storing such cells
in liquid nitrogen are routine and are known in the art.

The term “primary cell” includes cells present 1in a suspension of cells 1solated from a
mammalian tissue source (prior to their being plated, 1.¢., attached to a tissue culture substrate
such as a dish or flask), cells present in an explant derived from tissue, both of the previous
types of cells plated for the first time, and cell suspensions derived from these plated cells.
The term “secondary cell” or “cell strain™ refers to cells at all subsequent steps 1n culturing.
Secondary cells are cell strains that consist of secondary cells that have been passaged one or
more times.

Primary and secondary stem cells can be obtained from a variety of tissues and
include cell types which can be maintained and propagated in culture. Primary cells are
preferably obtained from the individual or animal to whom the BMP-treated cells are

administered. However, primary cells can also be obtained from a donor (e.g., an individual
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other than the recipient, typically of the same species, preferably an immunologically

compatible individual). Methods for obtaining and culturing such cells are known 1n the art.

The methods can include allowing Sca-1+ progenitor cells to undergo sufficient
rounds of doubling, ¢.g., to produce either a clonal cell strain or a heterogenecous cell strain of
desired size, e.g., a sufficient number to provide a therapeutic effect to an individual, or a
sufficient number to establish a stable cell line, before or after BMP-activation. Where the
cells are not transfected but rather treated with a BMP, the cells can be cultured for a time 1n
the absence of the BMP, then 1n the presence of the BMP for a time (e.g., 1, 2, 3 or more
days) before implantation into the subject. The cells can be washed (e.g., in 1sotonic PBS)
before implantation to remove any contaminants, including BMPs or components of growth
media, before implantation. The number of required cells 1s variable and depends on a
variety of factors, including but not limited to, the use of the transfected cells, the functional
level of the exogenous DNA 1n the transfected cells, the site of implantation of the transfected
cells (for example, the number of cells that can be used 1s limited by the anatomical site of
implantation), and the age, surface area, and clinical condition of the subject. In some
embodiments, the population of BMP-treated stem cells includes at least 10", 10°, 10°, or
more cells.

BMP-treated Sca-1+ cells are Sca-1+ cells that have an enhanced level of BMP
signaling, ¢.g., BMP-2, -4, -5, -6, and/or -7 signaling, wherein the level of BMP signaling has
been increased by direct human intervention. BMP signaling can be enhanced in the cells by
any method known 1n the art or described herein, e.g., by treating the cell with a compound
that enhances BMP signaling as described herein, e.g., a BMP polypeptide or nucleic acid.
Populations of stem cells activated by methods described herein are also included within the
present invention. Optionally, the population of BMP-treated cells can be suspended 1n a
pharmaceutically acceptable carrier, e.g., for storage or implantation. As used herein, the
language “pharmacecutically acceptable carrier” 18 intended to include any and all solvents,
media, antibacterial and antifungal agents, 1sotonic agents, and the like, compatible with
pharmaceutical administration and viability of the cells. In general, the cells will be
maintained 1n a sterile state. The use of such media and agents for pharmaceutically active
substances are known. Except insofar as any conventional media or agent 1s incompatible
with the active compound, such media can be used 1n the compositions of the invention.
Supplementary active compounds can also be incorporated into the compositions.

The cells can be autologous, allogeneic, or xenogeneic. In some embodiments,

methods described herein can include obtaining a population of stem cells from a subject,
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optionally culturing and/or enriching the stem cells to obtain a purified population of stem
cells, treating the cells with an agent that enhances BMP signaling as described herein to
activate the cells, and implanting the cells 1n the same subject from which they were
removed. In some embodiments, the cells are allogeneic or xenogeneic; 1f necessary,
immune suppression can be administered to prevent rejection of the cells.

In some embodiments, the Sca-1+ progenitor cells used 1n the methods and
compositions described herein express one or more BMP receptors, ¢.g., type I or II BMP

receptors.

Bone Morphogenic Proteins (BMPs)

In some embodiments, compounds that enhance BMP signaling are full length or
truncated BMPs (e.g., BMPs, polypeptides, and peptides).

BMPs are members of the transforming growth factor-3 superfamily that are involved
in multiple key steps of embryonic development as well as throughout life (Kishigami and
Mishina, Cytokine.Growth Factor.Rev. 16:265-278 (2005); Chen et al., Growth Factors.
22:233-241 (2004 ); Yamamoto and Oclgeschlager, Naturwissenschaften 91:519-534 (2004)).
BMPs have been shown to play a role 1n two different stages of adipocyte development.
First, BMP-2 and 4 stimulate differentiation of multipotent mesenchymal cells and bone
marrow stromal cells into adipocytes under appropriate conditions (Butterwith et al.,
Biochem.Soc Trans 24:163S (1996); Chen et al., J. Cell. Biol. 142:295-305 (1998); Chen et
al., J Cell Biochem. 82:187-199 (2001); Tang et al., Proc Natl. Acad Sc1 U S.A. 101:9607-
9611 (2004)). In addition, BMPs also stimulate the differentiation of committed white
preadipocytes (Sottile and Seuwen, FEBS Lett. 475:201-204 (2000); Rebbapragada et al.,
Mol. Cell. Biol. 23:7230-7242 (2003)). However, other studies showed that BMP-2
suppressed adipogenic differentiation and promoted osteogenesis 1n multipotent
mesenchymal progenitors via homeobox gene, Msx2 (Ichida et al., J. Biol. Chem. 279:34015-
34022 (2004); S. L. Cheng et al., J. Biol. Chem. 278:45969-45977 (2003)).

BMPs bind to specific type-I and -1II serine/threonine kinase receptor complexes, Rla,
RIb, and RII, which signal through SMAD proteins or the p38 mitogen-activated protein
kinase (MAPK). The BMPs are important regulators of key events 1n many aspects of tissue
development and morphogenesis, including the processes of bone formation during
embryogenesis, postnatal growth, remodeling and regeneration of the skeleton. Localization
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