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Abstract

S Kokabu*, T Sato, T Yoda

Introduction
Osteoblasts and bone marrow adipocytes originate from bone marrow
stromal cells. In senile osteoporosis,
the balance between adipogenesis
and osteoblastogenesis in bone marrow stromal cells is disrupted such
that adipogenesis is increased with
respect to osteoblastogenesis resulting in decrease in bone mass.
In general, there appears to be a
reciprocal relationship between adipogenesis and osteoblastogenesis
in bone marrow stromal cells. Although several proteins have been
reported to regulate this process, the
exact nature of the signals regulating the balance between osteoblast
and adipocyte formation within the
bone marrow space remains to be
determined.
Recently, transducin-like enhancer
of split 3 (TLE3) was reported to regulate the balance between osteoblast
and adipocyte formation. TLE3 enhances adipocyte differentiation and
suppresses osteoblast differentiation
of bone marrow stromal cells in vitro.
In addition, canonical Wnt signalling,
which plays important role in both
adipogenesis and osteoblastogenesis, induces TLE3 expression, suggesting that TLE3 activity may be key
to balancing adipocyte and osteoblast differentiation within the adult
bone marrow microenvironment.
The aim of this review was to discuss
* Corresponding author
Email: kokabu3@gmail.com

Department of Oral and Maxillofacial
Surgery, Faculty of Medicine, Saitama Medical
University, 38 Morohongo, Moroyama-machi,
Saitama 350-0495, Japan

TLE3 switch cell fate between osteoblast and adipocyte in bone marrow
stromal cells.
Conclusion
Currently, there is demand for new
effective therapies that target the
stimulation of osteoblast differentiation to enhance bone formation.
Reducing TLE3 expression in bone
marrow stromal cells could be a
useful approach towards increasing
osteoblast numbers and reducing
adipogenesis in the bone marrow environment. Thus, the development of
a therapy that combines small interfering RNAs against TLE3 with a local
delivery system targeting bone marrow stromal cells could lead to novel
bone formation agonist.

Introduction

Osteoblast-lineage cells and marrow
adipocytes are derived from a common progenitor, the bone marrow
stromal cell (BMSC). In senile osteoporosis, the balance between adipocyte and osteoblast differentiation
is disrupted in this cell population
such that adipocyte differentiation is
increased relative to osteoblast differentiation leading to a reduction
in bone mass, an increased bone fragility and an increased susceptibility to fracture1. In 2004, 10 million
Americans over the age of 50 had
osteoporosis with another 34 million
Americans at risk for the disease. In
this population, it is estimated that
1.5 million fragility fractures occur
each year, with an annual health care
cost of 18 billion dollars2. By 2025,
the health care expenditures for osteoporotic fractures will approach
25.3 billion dollars3. Therefore, the
molecular mechanisms responsible
for controlling the balance between

 steoblastogenesis and adipogenesis
o
in adult bone are of great significance.
A variety of studies have shown
that there is a reciprocal relationship
between adipogenesis and osteoblastogenesis in BMSCs. Several proteins
such as tafazzin, Wnt5a, Wnt10b,
Msx2, CCAAT/enhancer-binding family of protein β (C/EBPβ) and basic
helix-loop-helix family member e40
(BHLHe40) and ID4 have been identified as regulators of this balance4.
However, the exact nature of the signals regulating the balance between
osteoblast and adipocyte formation
within the bone marrow space remains to be determined. Recently, a
novel factor, transducin-like enhancer of split 3 (TLE3), was reported to
switch cell fate between osteoblasts
and adipocytes in BMSCs.
In this critical review, we focus and
discuss the function of TLE3 on the
determination of cell fate in BMSCs.

Discussion

The authors have referenced some of
their own studies in this review. The
protocols of these studies have been
approved by the relevant ethics committees related to the institution in
which they were performed.

TLE3 is member of Groucho/TLE
family
TLE3 is expressed in the placenta, in
brown and white adipose tissues and
in bone marrow4. TLE3 is a member
of the Groucho/TLE family. Groucho/
TLE are present in all or almost all
metazoans. While the Drosophila
genome encodes a single Gro, the
human and mouse genomes encode
four members of each family: TLE
1–4 in human and Gro-related genes
1–4 (Gro1-4) in mouse5. TLE and Gro

Licensee OA Publishing London 2014. Creative Commons Attribution License (CC-BY)

For citation purposes: Kokabu S, Sato T, Yoda T. TLE3 switch cell fate between osteoblast and adipocyte in bone
marrow stromal cells. OA Biology 2014 Feb 22;2(1):3.

Competing interests: none declared. Conflict of interests: none declared.
All authors contributed to conception and design, manuscript preparation, read and approved the final manuscript.
All authors abide by the Association for Medical Ethics (AME) ethical rules of disclosure.

Molecular

TLE3 switch cell fate between osteoblast and adipocyte in
bone marrow stromal cells

Page 2 of 4

have often been used interchangeably for vertebrate orthologues in
the literature and in sequence databases6. Groucho/TLE family proteins
play critical roles in a wide array of
developmental and cellular pathways7. They act as transcriptional corepressor proteins that do not bind
DNA directly but are recruited by a
diverse profile of transcription factors, including the Hes family, Runx2,
Nkx and Pax, and by downstream
effectors of Wnt signalling such as
cMyc and TCF/Lef6.
TLE3 enhances adipogenesis
Adipogenesis is driven by a complex and well-orchestrated signalling cascade composed of several
key transcription factors, most notably peroxisome proliferator-activated receptor (PPAR) g and several
members of the C/EBPs8. PPARg is
commonly referred to as the master
regulator of adipogenesis because
no factor has yet been identified that
can induce normal adipogenesis in
its absence9. Villanueva et al.10 reported that TLE3 induces adipogenesis in preadipocytes. Kokabu et al.4
confirmed that TLE3 enhances transcriptional activity of PPARg, thereby
inducing adipocyte differentiation of
BMSCs.

TLE3 suppresses
osteoblastogenesis
BMSCs can not only differentiate into
adipocytes but can also be induced
towards osteoblast differentiation in
vitro11. Bone morphogenetic proteins
(BMPs) were originally discovered as
factors that induce ectopic bone formation when implanted into muscle
tissue and also stimulate osteoblast
differentiation of various cell types
including BMSCs.
In response to BMP signalling, several critical transcription factors for
osteoblast differentiation, such as
Runx2, Osterix, Dlx2 and Dlx5, are
induced in target cells12–15. Runx2
is essential for the commitment of
mesenchymal cells to the osteoblast

lineage. Homozygous deletion of
Runx2 in mice resulted in a complete lack of osteoblasts12, whereas
haploinsufficiency of Runx2 in mice
or humans leads to hypoplastic
clavicles and delayed closure of the
fontanelles. These defects are characteristic of cleidocranial dysplasia in
humans16,17. The expression of Runx2
is regulated, at least in part, by BMP
signalling18, and Runx2 controls osteoblast-related genes such as Osterix,
collagen I and osteocalcin13,19 and the
Runx2 gene itself 20.
Runx2 interacts with several proteins including Groucho/TLE family proteins21. In turn, Groucho/TLE
proteins work as co-repressors of
Runx222. TLE1 and TLE2 also repress
Runx2-dependent activation of osteocalcin gene transcription23. Recently,
Kokabu et al.4 reported that TLE3
suppresses BMP2-induced osteoblast
differentiation of BMSCs, by repressing Runx2 transcriptional activity4.
Expression of TLE3 is regulated by
canonical Wnt signalling
The Wnt family of 19 secreted glycoproteins has a critical role in regulating embryonic development, cell
differentiation and cell fate determination24. Wnts transduce two types
of intracellular signalling: canonical
and non-canonical pathways. During
the activation of canonical signalling,
Wnts bind to a complex containing
frizzled and low-density lipoprotein
receptor-related protein (LRP)-5 or
6. This complex regulates the kinase
activity of glycogen synthase kinase
3β (GSK3β). In the absence of Wnt,
activity of β-catenin, a downstream
effector of the canonical Wnt pathway, is blocked by a phosphorylationdependent degradation mechanism
induced by GSK3β. Canonical Wnt
signalling stabilises β-catenin by inhibiting GSK3β activity. Stabilised
β-catenin translocates to the nucleus
and interacts with TCF/Lef to activate
gene expression25. Canonical Wnt signalling has a key role in adult skeletal
homeostasis and bone remodelling26.

While the canonical Wnt signalling
pathway is a major physiological
inhibitor of adipogenesis27, canonical Wnt signalling correlates with
enhanced bone formation through

increased differentiation and maturation of osteoblasts28. Indeed, in
both humans and mice, loss of function of LRP5 leads to decreased bone
formation29,30 and a gain-of-function
mutation in LRP5 results in a high
bone mass phenotype31,32.
The Groucho/TLE family acts as
transcriptional co-repressor of Wnt
signalling6. In the absence of Wnt ligand, TCF/Lef bound to Groucho/
TLE transcriptional co-repressors
inhibits Wnt target gene transcription33,34. According to Daniels and
Weis35, β-catenin that enters the nucleus on Wnt signalling directly competes with Groucho/TLE for TCF/
Lef binding. Once bound to TCF/Lef
on chromatin, β-catenin recruits a
co-activator complex, thereby con
verting TCF/Lef into a transcriptional activator. Thus, TLE3 is able to
suppress canonical Wnt signalling in
BMSCs5. This repression of Wnt signalling by TLE3 may be part of the
mechanism, together with suppression of Runx2, by which TLE3 suppresses osteoblast differentiation4,30.
Most recently, and in contrast to
the effects of TLE3 on Wnt signalling,
Kokabu et al.5(2014) identified Wnt
responsive elements in the TLE3 promoter region through comparative
genomic analysis, and then through
functional analyses they also showed
that expression of TLE3 is increased
by Wnt signalling5. This provides a
novel idea that induction of TLE3 by
Wnt signalling is part of a negative
feedback loop active during osteoblast differentiation and/or a part of
a positive feedback loop during adipogenesis (Figure 1).

Conclusion

TLE3 suppresses osteoblast differentiation of BMSC in vitro while
inducing adipogenesis. Moreover,
canonical Wnt signalling, which plays
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is required. The development of agents
that reduce the expression of TLE3
may provide an additional benefit to
antiresorptive therapies that block osteoclast activity as a way of stabilising
bone architecture.
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CCAAT/enhancer-binding family of
proteins; GSK3β, glycogen synthase
kinase 3β; LRP, low-density lipoprotein receptor-related protein; PPARg,
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Acknowledgement

We thank the members of the Department of Oral and Maxillofacial,
Faculty of Medicine, Saitama Medical

Figure 1: Model for the role of TLE3 in the bone marrow microenvironment.
TLE3 directly induces adipogenesis and suppresses osteoblastogenesis of
BMSCs by acting on PPARγ and Runx2, respectively. TLE3 also indirectly induces
adipogenesis and suppresses osteoblastogenesis by repressing canonical Wnt
signalling, which is capable of inducing osteoblastogenesis and inhibiting
adipogenesis. In addition, canonical Wnt signalling induces TLE3 expression,
suggesting that the induction of TLE3 by Wnt signalling may be part of a
negative feedback loop during osteoblastogenesis and/or a positive feedback
loop during adipogenesis in the adult bone marrow microenvironment.

University, the Division of Pathophysiology, Research Center for
Genomic Medicine, Saitama Medical
University and the Harvard School
of Dental Medicine for their valuable
comments and discussion. We are
also especially grateful to Dr Addison
for correcting and editing our manuscript. S Kokabu was supported by a
Dean’s scholar award at the Harvard
School of Dental Medicine (2011–
2013).

References

1. Harvey N, Dennison E, Cooper C. Osteoporosis: impact on health and economics. Nat Rev Rheumatol. 2010 Feb;6(2):
99–105.
2. Burge R, Dawson-Hughes B, Solomon
DH, Wong JB, King A, Tosteson A. Incidence and economic burden of osteoporosis-related fractures in the United
States, 2005–2025. J Bone Miner Res.
2007 Mar;22(3):465–75.
3. Raisz LG, Elderkin AL, Schargorodski
L, Hart T, Waldman C, King T, Noonan AS.
A call to action: developing and implementing a national action plan to improve bone health. Osteoporos Int. 2009
Nov;20(11):1805–06.
4. Kokabu S, Nguyen T, Ohte S, Sato T,
Katagiri T, Yoda T, Rosen V. TLE3,
transducing-like enhancer of split 3, suppresses osteoblast differentiation of bone
marrow stromal cells. Biochem Biophys
Res Commun. 2013 Aug;438(1):205–10.
5. Kokabu S, Sato T, Ohte S, Enoki Y, Okubo M, Hayashi N, et al. Expression of TLE3
by bone marrow stromal cells is regulated by canonical Wnt signaling. FEBS Lett.
2014 Feb;588(4):614–19.
6. Jennings BH, Ish-Horowicz D. The
Groucho/TLE/Grg family of transcriptional co-repressors. Genome Biol. 2008
Jan;9(1):205.
7. Chen G, Courey AJ. Groucho/TLE family
proteins and transcriptional repression.
Gene. 2000 May;249(1–2):1–16.
8. Rosen ED, Walkey CJ, Puigserver P,
Spiegelman BM. Transcriptional regulation of adipogenesis. Genes Dev. 2000
Jun;14(11):1293–1307.
9. Tontonoz P, Hu E, Spiegelman BM.
Stimulation of adipogenesis in fibroblasts
by PPAR gamma 2, a lipid-activated transcription factor. Cell. 1994 Dec;79(7):
1147–56.

Licensee OA Publishing London 2014. Creative Commons Attribution License (CC-BY)

For citation purposes: Kokabu S, Sato T, Yoda T. TLE3 switch cell fate between osteoblast and adipocyte in bone
marrow stromal cells. OA Biology 2014 Feb 22;2(1):3.

Competing interests: none declared. Conflict of interests: none declared.
All authors contributed to conception and design, manuscript preparation, read and approved the final manuscript.
All authors abide by the Association for Medical Ethics (AME) ethical rules of disclosure.

an important role in both adipogenesis and osteoblastogenesis, induces
TLE3 expression, suggesting that
TLE3 activity may be key in balancing adipocyte and osteoblast differentiation in the adult bone marrow
microenvironment.
The most commonly prescribed
therapeutics for bone-related diseases
are antiresorptives such as calcitonin,
oestrogen and bisphosphonates that
block osteoclast activity as a means to
stabilise bone architecture. Recent data
on the importance of continuous bone
remodelling as a means to maintain
the material and structural strength
of bone caution against the overuse
of antiresorptives as they may allow
for accumulation of microdamage in
bone and ultimately lead to fractures
in some patients. Thus, the development of new effective therapies that
target enhancing bone formation by
stimulating osteoblast differentiation

Page 4 of 4

10. Villanueva CJ, Waki H, Godio C, Nielsen R, Chou WL, Vargas L, et al. TLE3 is a
dual-function transcriptional coregulator of adipogenesis. Cell Metab. 2011
Apr;13(4):413–27.
11. Tokuzawa Y, Yagi K, Yamashita Y, Nakachi Y, Nikaido I, Bono H, et al. Id4, a
new candidate gene for senile osteoporosis, acts as a molecular switch promoting
osteoblast differentiation. PLoS Genet.
2010 Jul;6(7):e1001019.
12. Komori T, Yagi H, Nomura S, Yamaguchi A, Sasaki K, Deguchi K, et al. Targeted
disruption of Cbfa1 results in a complete
lack of bone formation owing to maturational arrest of osteoblasts. Cell. 1997
May;89(5):755–64.
13. Nakashima K, Zhou X, Kunkel G, Zhang
Z, Deng JM, Behringer RR, de Crombrugghe B. The novel zinc finger-containing
transcription factor osterix is required
for osteoblast differentiation and
bone formation. Cell. 2002 Jan;108(1):
17–29.
14. Xu SC, Harris MA, Rubenstein JL,
Mundy GR, Harris SE. Bone morphogenetic protein-2 (BMP-2) signaling to the
Col2alpha1 gene in chondroblasts requires the homeobox gene Dlx-2. DNA
Cell Biol. 2001 Jun;20(6):359–65.
15. Miyama K, Yamada G, Yamamoto
TS, Takagi C, Miyado K, Sakai M, et al. A
BMP-inducible gene, dlx5, regulates osteoblast differentiation and mesoderm
induction. Dev Biol. 1999 Apr;208(2):
123–33.
16. Mundlos S, Otto F, Mundlos C, Mulliken JB, Aylsworth AS, Albright S, et al. Mutations involving the transcription factor
CBFA1 cause cleidocranial dysplasia. Cell.
1997 May;89(5):773–79.
17. Lee B, Thirunavukkarasu K, Zhou
L, Pastore L, Baldini A, Hecht J, et al.
Missense mutations abolishing DNA
binding of the osteoblast-specific transcription factor OSF2/CBFA1 in cleidocranial dysplasia. Nat Genet. 1997 Jul;16(3):
307–10.

18. Ducy P, Zhang R, Geoffroy V, Ridall AL,
Karsenty G. Osf2/Cbfa1: a transcriptional
activator of osteoblast differentiation.
Cell. 1997 May;89(5):747–54.
19. Stein GS, Lian JB, van Wijnen AJ, Stein
JL, Montecino M, Javed A, et al. Runx2
control of organization, assembly and
activity of the regulatory machinery
for skeletal gene expression. Oncogene.
2004 May;23(24):4315–29.
20. Drissi H, Luc Q, Shakoori R, Chuva
De Sousa Lopes S, Choi JY, Terry A, et al.
Transcriptional autoregulation of the
bone related CBFA1/RUNX2 gene. J Cell
Physiol. 2000 Sep;184(3):341–50.
21. Westendorf JJ. Transcriptional co-repressors of Runx2. J Cell Biochem. 2006
May;98(1):54–64.
22. McLarren KW, Lo R, Grbavec D, Thirunavukkarasu K, Karsenty G, Stifani S.
The mammalian basic helix loop helix
protein HES-1 binds to and modulates
the transactivating function of the runtrelated factor Cbfa1. J Biol Chem. 2000
Jan;275(1):530–38.
23. Javed A, Guo B, Hiebert S, Choi JY,
Green J, Zhao SC, et al. Groucho/TLE/Resp proteins associate with the nuclear
matrix and repress RUNX (CBF(alpha)/
AML/PEBP2(alpha)) dependent activation of tissue-specific gene transcription.
J Cell Sci. 2000 Jun;113(Pt 12):2221–31.
24. Moon RT, Bowerman B, Boutros M,
Perrimon N. The promise and perils of
Wnt signaling through beta-catenin. Science. 2002 May;296(5573):1644–46.
25. Miller JR, Hocking AM, Brown JD,
Moon RT. Mechanism and function of
signal transduction by the Wnt/betacatenin and Wnt/Ca2+ pathways. Oncogene. 1999 Dec;18(55):7860–72.
26. Monroe DG, McGee-Lawrence ME,
Oursler MJ, Westendorf JJ. Update on Wnt
signaling in bone cell biology and bone
disease. Gene. 2012 Jan;492(1):1–18.
27. Ross SE, Hemati N, Longo KA, Bennett CN, Lucas PC, Erickson RL, MacDougald OA. Inhibition of adipogenesis

by Wnt 
signaling. Science. 2000 Aug;
289(5481):950–53.
28. Rosen V. Harnessing the parathyroid hormone, Wnt, and bone morphogenetic protein signaling cascades for
successful bone tissue engineering. Tissue Eng Part B Rev. 2011 Dec;17(6):
475–79.
29. Gong Y, Slee RB, Fukai N, Rawadi G,
Roman-Roman S, Reginato AM, et al. LDL
receptor-related protein 5 (LRP5) affects
bone accrual and eye development. Cell.
2001 Nov;107(4):513–23.
30. Kato M, Patel MS, Levasseur R, Lobov
I, Chang BH, Glass DA 2nd, et al. Cbfa1independent decrease in 
osteoblast
proliferation, osteopenia, and persistent embryonic eye vascularization
in mice deficient in Lrp5, a Wnt coreceptor. J Cell Biol. 2002 Apr;157(2):
303–14.
31. Boyden LM, Mao J, Belsky J, Mitzner
L, Farhi A, Mitnick MA, et al. High bone
density due to a mutation in LDL-receptor-related protein 5. N Engl J Med. 2002
May;346(20):1513–21.
32. Little RD, Carulli JP, Del Mastro RG,
Dupuis J, Osborne M, Folz C, et al. A mutation in the LDL receptor-related protein
5 gene results in the autosomal dominant
high-bone-mass trait. Am J Hum Genet.
2002 Jan;70(1):11–19.
33. Cavallo RA, Cox RT, Moline MM, Roose
J, Polevoy GA, Clevers H, et al. Drosophila Tcf and Groucho interact to repress
Wingless signalling activity. Nature. 1998
Oct;395(6702):604–08.
34. Roose J, Molenaar M, Peterson J,
Hurenkamp J, Brantjes H, Moerer P, et al.
The Xenopus Wnt effector XTcf-3 interacts with Groucho-related transcriptional
repressors. Nature. 1998 Oct;395(6702):
608–12.
35. Daniels DL, Weis WI. Beta-catenin directly displaces Groucho/TLE repressors
from Tcf/Lef in Wnt-mediated transcription activation. Nat Struct Mol Biol. 2005
Apr;12(4):364–71.

Licensee OA Publishing London 2014. Creative Commons Attribution License (CC-BY)

For citation purposes: Kokabu S, Sato T, Yoda T. TLE3 switch cell fate between osteoblast and adipocyte in bone
marrow stromal cells. OA Biology 2014 Feb 22;2(1):3.

Competing interests: none declared. Conflict of interests: none declared.
All authors contributed to conception and design, manuscript preparation, read and approved the final manuscript.
All authors abide by the Association for Medical Ethics (AME) ethical rules of disclosure.

Review

