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Osteoporosis is a common, age-related bone disease that results from an imbalance between the processes of bone
formation and bone resorption, resulting in reduced bone mass and increased risk of fracture. Mesenchymal stem cells
have the capacity to differentiate into osteoblastic and adipogenic lineages; recent research suggests that the switch
between these two fates may be key to the decreased bone density that occurs with aging. In this issue, Nishikawa et al.
demonstrate that the basic leucine-zipper transcription factor Maf (also known as c-Maf) is central to osteoblast lineage
commitment. In addition, they find that increased oxidative stress — as occurs with aging — decreases Maf expression.
This work advances understanding of the transcriptional regulation of cell fate decisions and may help direct the
development of new therapies to fight age-related bone loss.
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Osteoporosis is a common, age-related bone disease that results from an
imbalance between the processes of bone formation and bone resorption,
resulting in reduced bone mass and increased risk of fracture. Mesenchymal
stem cells have the capacity to differentiate into osteoblastic and adipogenic
lineages; recent research suggests that the switch between these two fates
may be key to the decreased bone density that occurs with aging. In this
issue, Nishikawa et al. demonstrate that the basic leucine-zipper transcrip-
tion factor Maf (also known as c-Maf) is central to osteoblast lineage com-
mitment. In addition, they find that increased oxidative stress — as occurs
with aging — decreases Maf expression. This work advances understanding
of the transcriptional regulation of cell fate decisions and may help direct
the development of new therapies to fight age-related bone loss.

Osteoporosis is a metabolic bone disease
that results from an imbalance between
the processes of bone formation and bone
resorption, leading to reduced bone mass
and increased susceptibility to fracture.
Osteoporosis is commonly age associated,
and one out of two women and one out of’
four men over the age of 50 will experience
an osteoporotic fracture during their life-
time, with patient care costs estimated at
$14 billion per year (1, 2). Recent research
has identified a correlative relationship of
fat deposition in bone marrow with bone
density. Many but not all studies link the
two in an inverse relationship that sug-
gests marrow fat may be driven at the
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expense of new bone formation. While the
role of fat in bone remains unclear, cur-
rent thinking supports a reciprocal rela-
tionship between adipogenesis and osteo-
genesis governed by mesenchymal stem
cell (MSC) lineage allocation.

The bone marrow houses a wide variety
of cell types at various stages of differen-
tiation. Cells of the mesenchymal lineage
reside in the marrow and give rise to osteo-
blasts and adipocytes, among other cell
types (3). Over the past decade, a consider-
able effort has been devoted toward under-
standing how MSC fates can be directed
toward adipogenic and osteogenic lineages.
The critical determinants of this switch are
unclear, but a complete understanding of
the process may direct the development
of therapies for age-associated bone loss.
The mutual exclusivity of the osteoblast
and adipocyte cell fates suggests that sig-
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nals that direct cells down one lineage may
prevent them from traversing down the
other. Prime examples of these switch sig-
nals are CCAAT/enhancer binding protein
(C/EBP), a trigger for adipogenesis; PPARY,
which promotes adipocyte maturation;
and Runx2, an osteoblastic transcription-
al mediator (4). Impaired PPARY signal-
ing shifts the fate of MSCs in the marrow
toward the osteoblast lineage (5). The wnt
pathway can suppress PPARy, favoring
MSC differentiation to osteoblasts (6).
Other transcriptional mediators associat-
ed with osteoblast/adipocyte specification
include AFosB, TAZ, Esrl, Msx2, C/EBPf,
and Id4, though their specificity as deter-
minants of the age-related switch in bone
is unclear (7, 8).

Identification of Maf as a cell fate
switch factor

In this issue, Nishikawa et al. demonstrate,
in an elegant series of studies, that the
basic leucine-zipper (bZIP) transcription
factor Maf (musculoaponeurotic fibrosar-
coma, also known as c-Maf) is central to
osteoblast lineage commitment with age
(9) (Figure 1). Via a genome-wide screening
of transcription factors expressed in cells
derived from calvaria, Maf was identified
as a factor that increased more than 4-fold
during osteoblastogenesis. It was further
found to be highly expressed in bone mar-
row stromal cells (BMSCs) and reduced in
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Maf expression determines whether MSCs differentiate toward the adipocyte or osteoblast lin-
eage. The transcription factor Maf partners with Runx2 to regulate osteoblastic genes, such as
osteocalcin (OCN). Maf is downregulated during aging and under the influence of reactive oxy-
gen species (ROS) and thiazolidinediones (TZDs), pharmaceutical drugs for the treatment of
diabetes. Downregulation of Maf leads to increased PPARG through the activation of C/EBPd/a.
and leads to increased adipogenesis. PPARG itself also downregulates Maf, promulgating
a cycle of adipogenesis. Antioxidants promote Maf expression and reverse the adipogenic
phenotype, resulting in greater bone formation. Other factors that increase Maf may provide
promising therapeutic strategies for the treatment of age-associated bone loss.

expression in BMSCs during aging (32- vs.
8-week-old mice).

The Maf transcription factor was original-
ly identified as a retina-specific factor and
a T helper cell factor responsible for IL-4
production (10, 11). The first description
of its deletion in mice indicated runting
that was attributed to a cartilage pheno-
type (11). Maf is a member of the group of
large Maf family members characterized by
the presence of the bZIP domain (12). The
bZIP domain consists of a region rich in
basic residues, followed by heptad repeats
of hydrophobic residues, forming a leu-
cine zipper. A conserved amino-terminal
domain in the large Maf proteins is rich in
Asp, Glu, Ser, Thr, and Pro residues, which
are targets for phosphorylation that likely
regulate Maf function (13). Several groups
of bZIP proteins have been well described
and have prominent roles in bone biology,
including the AP-1 and CREB/ATF families
(14). These other bZIP proteins bind rela-
tively small consensus sequences of 7-8 bp
in length, whereas the Maf proteins bind
longer consensus sequences of 13-14 bp,
termed Maf-recognition elements (MAREs)
(12). This study by Nishikawa et al. found
5 MARE sequences in the osteocalcin pro-
moter and demonstrated a physical inter-

The Journal of Clinical Investigation

action between Maf and Runx2 on the
osteocalcin gene.

A series of experiments with Maf/~ and
heterozygous mice unraveled the down-
stream mechanisms of Maf in the skeleton.
Because Maf”/~ mice suffer perinatal lethal-
ity, studies focused on early osteogenesis.
Bone formation was severely impaired with
low alkaline phosphatase and osteocal-
cin gene expression. Interestingly, Runx2
expression and rates of osteoblast prolifera-
tion and apoptosis were not altered. Since
Maf deletion was previously found to result
in a severe cartilage phenotype, the impact
of the cartilaginous development on osteo-
genesis was questioned. Defective bone for-
mation in intramembraneous bones along
with cell-autonomous osteoblast differen-
tiation defects in vitro suggest that the role
of Maf'in skeletal development could not be
explained entirely by the cartilage pheno-
type. Instead, the in vitro cell studies pointed
to Mafas a critical determinant of adipogen-
ic (e.g., PPARY, C/EBPa, and FABP4) versus
osteoblastogenic (alkaline phosphatase,
osteocalcin) gene expression. Furthermore,
studies with Maf"~ mice revealed reduced
bone formation and increased numbers of
bone marrow adipocytes with age in the
absence of a cartilage phenotype. This bone
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phenotype was rescued with the addition of
osteoblastic cells overexpressing Maf.

Regulation of the regulator

Nishikawa et al. also attempted to identify
the factors responsible for the age-related
decrease in Maf levels. Several candidate
genes previously shown to be associated
with aging, such as Bmp2, Tgfb, Il11, and
Igf1, were evaluated for their ability to medi-
ate Maf expression, but none were found
to significantly regulate it. Reactive oxygen
species were found to decrease Maf, and,
furthermore, in vivo administration of the
antioxidant N-acetylcysteine could rescue
the loss of bone mass associated with Maf
haploinsufficiency. Upstream modulation
of Maf was found by PPARy and p53, rais-
ing the possibility that therapeutics that
regulate this pathway may have potential
for the treatment of age-associated bone
loss. Interestingly, a recent study suggests
that cells of the osteogenic lineage may be
more susceptible to oxidative stress trig-
gered by PPARY, adding to the complexity
of the cell fate (15).

Future directions and therapeutic
implications
The studies by Nishikawa et al. raise impor-
tant questions and suggest exciting new
therapeutic potentials. What are the fac-
tors or cues that positively regulate Maf
and could be used as therapeutic strate-
gies? The potential of Maf to be a target
of mechanical stimuli may be of interest,
as such stimuli have been found to regu-
late the bone marrow mesenchymal switch
from an adipogenic to an osteoblastic fate
(16). Since Runx2 phosphorylation has
been found to be critical for the regula-
tion of osteoblast differentiation (17), will
phosphorylation sites in the amino-termi-
nal domain of Maf be critical for its abil-
ity to interact with Runx2 and/or impact
osteoblast/adipocyte lineage determina-
tion? What are the implications of turning
on Maf in the mesenchymal cell lineage?
Data in the study by Nishikawa suggested
that loss of Maf did not alter calvarial cell
proliferation or apoptosis. If it bears out
that positive regulation of Maf does not
lead to a proliferative osteoblast pheno-
type, it may offer an attractive alternative
therapeutic approach to other targeted
anabolics whose alleged association with
increased risk of osteosarcoma could limit
enthusiasm for their use.

The impact of aging and the decline in
Maf found in the study by Nishikawa et al.
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represent what I believe to be a novel consid-
eration of osteoblast regulation. If Runx2
levels remain fairly consistent with age, yet
osteoblastic differentiation is reduced, the
concept of a controller or modifier for the
master regulator is intriguing. Considering
the murine lifespan, the age dependence of
Maf expression and activity also requires
further investigation using standard mod-
els of aging and going beyond the age of
32 weeks used by Nishikawa et al. It would
also be of interest to see the role of Maf in
the same animal, with differing sites of fatty
versus hematopoietic marrow. Finally, and
most importantly, these exciting studies
require thorough evaluation and validation
in humans, including studies with drugs
that impact bone and marrow fat via careful
analysis of their impact on Maf. Thiazoli-
dinediones are antidiabetic drugs associat-
ed with an increase in marrow adiposity and
reduced bone (18, 19). Nishikawa and col-
leagues suggest that these drugs act at least
in part by reducing Maf expression, which
inhibits PPARY in the MSC lineage to direct
cells toward adipogenesis. As MSC thera-
pies become more common, optimizations
through altering transcriptional regulation
of cell differentiation will become more
important and more viable (20). This study
provides what I believe to be an exciting new
discovery that may lead to new strategies
for the treatment of the devastating conse-
quences of age-associated bone loss.
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