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A novel PPARy, modulator sLZIP controls the balance
between adipogenesis and osteogenesis during
mesenchymal stem cell differentiation

J Kim' and J Ko*'

Mesenchymal stem cells (MSCs), also known as multipotent stromal cells, are used in clinical trials. However, the use of
MSCs for medical treatment of patients poses a potential problem due to the possibility of transdifferentiation into unwanted
tissues. Disruption of the balance during MSC differentiation leads to obesity, skeletal fragility, and osteoporosis.
Differentiation of MSCs into either adipocytes or osteoblasts is transcriptionally regulated by the two key transcription
factors PPARy, and Runx2. PPARYy, is highly expressed during adipocyte differentiation and regulates expression of genes
involved in adipogenesis. Runx2 induces osteogenic gene expression and, thereby, increases osteoblast differentiation.
Although transcriptional modulation of PPARy, has been investigated in adipogenesis, the underlying molecular
mechanisms to control the balance between adipogenesis and osteogenesis in MSCs remain unclear. In this study, the role
of sLZIP in regulation of PPARy, transcriptional activation was investigated along with sLZIP’s involvement in differentiation
of MSCs into adipocytes and osteoblasts. sLZIP interacts with PPARy, and functions as a corepressor of PPARy,.
sLZIP enhances formation of the PPARy, corepressor complex through specific interaction with HDAC3, resulting in
suppression of PPARy, transcriptional activity. We found that sLZIP prevents expression of PPARy, target genes and
adipocyte differentiation both in vitro and in vivo. sLZIP also upregulates Runx2 transcriptional activity via inhibition of
PPARy, activity, and promotes osteoblast differentiation. sLZIP transgenic mice exhibited enhanced bone mass and
density, compared with wild-type mice. These results indicate that sLZIP has a critical role in the regulation of
osteogenesis and bone development. However, sLZIP does not affect chondrogenesis and osteoclastogenesis. We propose
that sLZIP is a novel PPARy, modulator for control of the balance between adipogenesis and osteogenesis during
MSC differentiation, and that sLZIP can be used as a therapeutic target molecule for treatment of obesity, osteodystrophy,
and osteoporosis.
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Mesenchymal stem cells (MSCs) are bone marrow-derived
multipotential stromal cells that can differentiate into several
distinct cell types, including fat, bone, cartilage, and muscle.
Adipogenesis and osteogenesis have a reciprocal relation-
ship in common mesenchymal precursor cells.? Disruption of
the balance in these processes during MSC differentiation
leads to disorders, such as obesity, skeletal fragility, and
osteoporosis.! MSC differentiation is regulated by specific
transcription factors. MSCs differentiate into adipocytes
when they express peroxisome proliferator-activated
receptor 7, (PPARj,), which enhances expression of
adipogenic genes.? Runt-related transcription factor 2
(Runx2) enhances expression of osteogenic genes during
osteoblast differentiation; however, PPARy, suppresses
osteogenesis via inhibition of Runx2 transcriptional activity.®
Therefore, characterization of the regulatory mechanism
of transcription factors involved in MSC differentiation is

important for understanding the developmental processes of
adipocytes and osteoblasts.

The nuclear receptor PPARy is a master regulator in
adipogenesis, lipid biosynthesis, inflammation, and glucose
metabolism.? Binding of PPARy to specific DNA sequences,
including the PPAR response element (PPRE), requires
heterodimerization with retinoic X receptor (RXR).*®
The heterodimer is associated with the nuclear receptor
corepressor complex that includes histone deacetylase
(HDAC), nuclear receptor corepressor (NCoR), and
the silencing mediator for retinoid and thyroid receptors in
the absence of the PPARy ligand.®” Upon ligand binding,
PPARy undergoes a conformational change and the
corepressor complex is replaced by co-activators, including
p300, the p160/steroid receptor co-activator (p160/SRC)
family, the PPARy-binding protein, PPARy co-activator-1
(PGC-1), and the CREB-binding protein.”-® Many transcription
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factors and ligands are involved in expression and function of
PPAR;y. Transcription factors of the CCAAT/enhancer-binding
protein (C/EBP) family stimulate PPARy transcription by
binding directly to the promoter of PPARy.° The natural
PPARy ligand 15-deoxy-A12,14-prostaglandin J2, and a
synthetic class of thiazolidinediones (TZDs), including trogli-
tazone, pioglitazone, and rosiglitazone, also activate the
transcriptional activity of PPARy;.® Negative regulators,
including TAZ, the retinoblastoma protein (pRb), and
cyclin D1, inhibit PPARy transcriptional activity, and
CREB suppresses hepatic PPARy expression in a fasted
state.’®'2 The leucine zipper protein (LZIP) is a member
of a large family of bZIP transcription factors.'® The
N-terminal 92 amino-acid region of LZIP contains a potent
transactivation domain that consists of two LxxLL nuclear
receptor interaction motifs.’* Recently, a novel isoform of
human LZIP, known as small LZIP (sLZIP), has been
identified.'® sLZIP consists of 354 amino acids and lacks
the putative transmembrane domain of LZIP.'S sLZIP
decreases the LxxLL motif-dependent transcriptional
activity of the glucocorticoid receptor (GR) by recruiting
and activating HDACs."® In this study, we investigated the
roles of sLZIP in regulation of the transcriptional activities of
PPARy, and Runx2, and in osteogenesis and adipogenesis.
We propose a novel mechanism whereby sLZIP is a key
regulator in controlling the balance between adipogenesis and
osteogenesis during MSC differentiation.

Results

sLZIP inhibits adipogenesis via suppression of PPARy,
transcriptional activity. As sLZIP contains two LxxLL
motifs that are essential for interaction with nuclear
receptors,'® the role of sLZIP in regulation of PPARy,
transactivation during MSC differentiation was investi-
gated. To examine the effect of sLZIP on the transcriptional
activity of PPARy,, sLZIP, and the PPRE-containing
FABP4 promoter reporter gene (FABP4-Luc) were trans-
fected into 293T cells. The transcriptional activity of
PPARy, was increased 4.2-fold in response to ligands;
however, sLZIP inhibited PPARy, transactivation.
(Figure 1a and Supplementary Figures S1a and b).
LZIP also decreased the transcriptional activity of PPARy,
by 32%; however, the effect of LZIP on PPARy, transacti-
vation was less than the effect of sLZIP (Supplementary
Figures S1c and d). Suppression of sLZIP expression
using siRNA against sLZIP (si-sLZIP) enhanced PPARy,
transcriptional activity in a dose-dependent manner
(Figure 1b). To investigate whether endogenous PPARy,
transcriptional activity is regulated by sLZIP, C3H10T1/2
mesenchymal cells stably expressing the FABP4 reporter
gene were infected with the sLZIP-expressing adenovirus,
followed by differentiation into adipocytes. sLZIP decreased
the transcriptional activity of PPARy, by ~60% (Figure 1c),
and inhibited FABP4 expression in a dose-dependent
manner in adipocytes (Supplementary Figure Sie).
We investigated whether sLZIP is involved in heterodimer
formation of PPARy, with RXR. PPARy, transcriptional
activity was increased by 13-fold in response to rosiglitazone,
compared with a control; however, sLZIP decreased the
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transcriptional activity of the PPARy,/RXR heterodimer in a
dose-dependent manner (Figure 1d). The negative effect of
sLZIP on PPARy, transcriptional activity was abrogated in an
RXR-dose-dependent manner when cells were expressed
with increasing amounts of RXR (Figure 1e). Results of a
GST pull-down assay showed that sLZIP interacts with the
PPARyo-/RXR heterodimer; however, sLZIP did not affect
heterodimer formation (Supplementary Figure S1f). To
investigate the effect of sLZIP on adipogenesis, sLZIP
transgenic (TG) mice were generated (Supplementary
Figure S2), and pre-adipocyte cells were isolated from an
epididymal fat pad of sLZIP TG mice. PPARy, transcriptional
activity was decreased by 21% in adipocytes of sLZIP TG
mice, compared with wild-type (WT) mice (Figure 1f). Mouse
LZIP slightly decreased the transcriptional activity of
PPARy,, compared with a control (Supplementary Figure
S3a). Endogenous expressions of both human sLZIP and the
homologous gene of sLZIP in mice (mLZIP) were decreased
during the process of differentiation (Supplementary Figures
S3b-d). We next examined the effect of sLZIP on adipocyte
differentiation using multipotent mesenchymal and pre-
adipocyte cells. C3H10T1/2 and 3T3-L1 cells were infected
with an adenovirus expressing sLZIP, and allowed to
differentiate into adipocytes. sLZIP apparently inhibits
differentiation of C3H10T1/2 and 3T3-L1 cells into
adipocytes (Figure 1g and Supplementary Figure S3e).
Knockdown of sLZIP increased differentiation of human
MSCs into adipocytes (Supplementary Figure S3f). We
examined the effect of sLZIP on adipocyte differentiation
in vivo. Differentiation of primary pre-adipocytes and
mouse embryonic fibroblasts (MEFs) isolated from sLZIP
TG mice was inhibited, compared with WT mice (Figures 1h
and i). The same effects were observed in pre-adipocytes
of LZIP TG mice (Supplementary Figures S3g and h).
In addition, the fat mass of sLZIP TG mice was significantly
reduced by 38%, compared with WT mice (Figure 1j).
Expressions of FABP4 and other PPARy, target genes,
including C/EBPx and LPL, were downregulated in sLZIP
TG mice by 68%, 42%, and 76%, respectively, compared
with WT mice (Figure 1k). These results indicate that sLZIP
functions as a negative regulator in adipogenic differentia-
tion both in vitro and in vivo via suppression of PPARy,
transcriptional activity.

sLZIP interacts with PPARy,. To investigate whether the
transcriptional activity of PPARy, is affected by the interac-
tion of PPARy, with sLZIP, we examined the interaction
between sLZIP and PPARy,. Results from a GST pull-down
assay showed that sLZIP interacts with PPARYy, (Figure 2a).
Results from a His pull-down assay using purified His-sLZIP
and in vitro translated PPARy, showed that PPARy, binds
directly to sLZIP (Figure 2b). In addition, sLZIP is colocalized
with PPARy, in the nucleus (Figure 2c). To investigate
whether the LxxLL motifs of sLZIP are important for the
interaction with PPARy,, we generated two LxxLL mutant
constructs of sLZIP (Supplementary Figure S4a). The WT
and the second sLZIP mutant (**LxxAA) interacted with
PPARy,; however, the first sLZIP mutant ("3LxxAA) and the
double sLZIP mutant weakly interacted with PPARy,
(Supplementary Figure S4b). sLZIP mutants did not affect
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PPARy, transcriptional activity, indicating that the LxxLL
motifs of sLZIP are not involved in regulation of PPARy,
transcriptional activity (Supplementary Figure S4c). We next
investigated which domain of sLZIP is required for binding to
PPARy.. Various sLZIP deletion mutants, including sLZIP N
(1-228), sLZIP C (229-354), and sLZIP CC (297-354), were
constructed, and the PPARy,-binding domain was analyzed
using a GST pull-down assay. sLZIP WT, sLZIP C, and
sLZIP CC all interacted with PPARy,, whereas sLZIP N did
not bind to PPARy, (Figure 2d). These results indicate that
sLZIP CC (297-354) containing the proline-rich region is
important for binding to PPARy,. The domain of PPARy, that
is required for binding to sLZIP was also identified. The
ligand-binding domain (AF-2) of PPARy, is necessary for
binding to sLZIP (Figure 2e). These results suggest that
sLZIP CC (297-354) interacts with the AF-2 domain of
PPARy..

HDAC3 is involved in sLZIP suppression of PPARy,
transcriptional activity. To investigate the sLZIP regula-
tory mechanism of PPARy, transcriptional activity, we
examined whether HDACs are involved in sLZIP-mediated
repression of PPARy, transactivation. In the absence of the
HDAC inhibitor trichostatin A (TSA), sLZIP inhibited
PPARy, transcriptional activity; however, sLZIP did not
affect PPARy, transcriptional activity in cells treated with
TSA (Figure 3a), indicating that HDACs are involved in
sLZIP-mediated repression of PPARy, transactivation. The
HDAC isoform that is involved in this event was investi-
gated. Results of an immunoprecipitation assay showed
that sLZIP specifically interacts with HDAC3 (Figure 3b).
Results of a GST pull-down assay confirmed the interaction
between sLZIP and HDAC3 (Figure 3c). In addition, sLZIP
is colocalized with HDAC3 in the nucleus (Figure 3d). We
examined whether interaction of sLZIP with HDACS3 is
required for repression of PPARy, transcriptional activity.
As shown in Figure 3e, siRNAs against HDAC1, 2, and 8 did
not affect sLZIP-mediated PPARy, regulation. However,
knockdown of HDACS3 abrogated PPARy, transcriptional
activity that was suppressed by sLZIP (Figure 3e).
Co-transfection with both sLZIP and HDAC3 completely
inhibited PPARy, transcriptional activity in both the
presence and absence of rosiglitazone (Figure 3f). We also
investigated the interaction between sLZIP and the
corepressor complex of PPARy, in the presence of the
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PPARy, ligand. sLZIP interacted with HDCAS3 in both the
presence and absence of rosiglitazone (Figure 3g). How-
ever, the interaction between sLZIP and NCoR1 was weak
in the presence of the PPARy, ligand (Figure 3h). These
results indicate that sLZIP negatively regulates PPARy,
transcriptional activity via recruitment of HDAC3 to the
corepressor complex of PPARy..

sLZIP enhances formation of the PPARy, corepressor
complex. We investigated whether sLZIP binds to PPARy,
in response to ligands. sLZIP interacted with PPARy in the
absence of rosiglitazone; however, sLZIP did not bind to
PPARy, in the presence of rosiglitazone (Figure 4a). To
confirm the ligand-dependent dissociation of sLZIP from
PPARy,, we examined the time dependency of the interac-
tion between sLZIP and PPARy,. As shown in Figure 4b,
sLZIP dissociated from PPARy, in a time-dependent manner.
We examined whether the ligand-dependent interaction
between sLZIP and PPARy, is involved in the regulation of
PPARy, transcriptional activity. sLZIP inhibited PPARy,
transcriptional activity in both the presence and absence of
rosiglitazone (Figure 4c). In addition, PPARy, transcriptional
activity was slightly inhibited by the sLZIP (1-220) deletion
mutant, which lacks the PPARy.-binding site (Figure 4c). As
sLZIP (1-220) contains the DNA-binding domain and is
involved in interaction with HDAC3, sLZIP probably regulates
PPARy2 transactivation via binding together with HDACS3 to
the promoter region of PPARy, target genes. We investi-
gated the effect of sLZIP on interaction between PPARy, and
HDAC3. HDACS dissociates from PPARy, after treatment
with rosiglitazone; however, sLZIP enhanced the interaction
between PPARjy, and HDACS3 (Figure 4d). We next
investigated whether sLZIP is involved in ubiquitination of
HDACS. Rosiglitazone increased ubiquitination of HDACS3;
however, sLZIP blocked ubiquitination-dependent degrada-
tion of HDAC3 (Figure 4e). sLZIP also inhibited recruitment
of the co-activator PGC-1a to PPARy, (Figure 4f). These
results suggest that sLZIP regulates PPARy, transcriptional
activity by interacting with PPARy,, and inhibits corepressor
degradation by enhancing formation of the corepressor
complex.

sLZIP binds to the enhancer region of FABP4. During
adipogenesis, PPARy, binds to the enhancer of the FABP4
gene (~5kb), which contains the two PPARy,-binding

<
Figure 1

sLZIP inhibits adipogenesis via suppression of PPARy, transcriptional activity. (a) 293T cells were transfected with PPARy,, f-galactosidase, FABP4-Luc, and

various amounts of sLZIP (0.25 and 0.5 xg), and stimulated with or without 10 1M of rosiglitazone (Rosi) for 24 h. Promoter activity was determined using a luciferase assay.
*P<0.01, *P<0.005. (b) 293T cells were transfected with various amounts of si-sLZIP (50 and 100 nM), and treated with or without 10 M Rosi for 24 h. *P<0.01.
(c) C3H10T1/2 cells stably expressing the FABP4 reporter gene were infected with sLZIP-expressing adenovirus, followed by differentiation into adipocytes for 4 days.
*P<0.05. (d, e) 293T cells were transfected with PPARy,, -galactosidase, FABP4-Luc, and various amounts of sLZIP (0.1, 0.25, and 0.5 ug) and RXR (0.1, 0.25, and
0.5 ug). Following transfection, cells were stimulated with or without 10 M Rosi for 24 h. Luciferase activity was normalized to f-galactosidase activity and presented as the
relative activity. (f) Pre-adipocyte cells were isolated from epididymal fat pads of WT and sLZIP TG mice. Cells were then transfected with FABP4-Luc and PPARy,, and
treated with or without 10 «M Rosi for 24 h. Promoter activity was measured by a luciferase assay. *P<0.01. (g) C3H10T1/2 cells were infected with sLZIP-expressing
adenovirus and differentiated into adipocytes. After 8 days from post-induction, cells were stained with Oil Red O. Scale bar, 50 um. (h) Pre-adipocyte cells were isolated from
epididymal fat pads of WT and sLZIP TG mice, and differentiated into adipocytes. After 8 days from post-induction, cells were stained with Oil Red O, and the expression level
of FABP4 was determined using RT-PCR and Western blot analysis. Scale bar, 50 um. (i) MEF cells isolated from WT and sLZIP TG mice were differentiated into adipocytes.
Cells were stained with Oil Red O. Scale bar, 50 um. (j) The white adipose tissue (fat) mass of WT and sLZIP TG mice. *P<0.05. (k) Total RNA was extracted and the mRNA
level of PPARYy, target genes (FABP4, C.EBP1, and LPL) were determined using real-time PCR after 8 days from post-induction. GAPDH was used as an internal control.
*P<0.005, **P<0.001. All experiments were performed in triplicate and the bar represents the mean + S.D.
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elements of ARE6 and ARE7.° PPARy, does not bind
to the PPARy.-binding element in the proximal region
(~2kb) of the FABP4 gene during adipogenesis.'® The
putative sLZIP-binding sites in the FABP4 enhancer region
were identified (Figure 5a). We investigated the DNA-binding
ability of sLZIP to these elements in the FABP4 enhancer.
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sLZIP bound directly to the CREB-binding site near ARE6
and ARE7; however, sLZIP did not bind to the C/EBP and
AP-1 sites (Figure 5b). The DNA-binding ability of sLZIP
was increased in a dose-dependent manner (Figure 5c).
However, sLZIP did not bind to the CREB-binding site in the
presence of the cold competitor, and treatment with the



His antibody induced a supershift (Figure 5c). sLZIP did
not bind to the CREB-binding site mutant (TGATGTCA —
TGGGGTCA) (Figure 5d). A chromatin immunoprecipitation
assay (ChlIP) was also performed. sLZIP was recruited to the
CREB-binding site of the FABP4 enhancer in both the
presence and absence of rosiglitazone (Figure 5e). To
further investigate the DNA-binding ability of sLZIP to the
FABP4 enhancer, the transcriptional activity of PPARy, was
investigated using FABP4 enhancer-luciferase constructs.
sLZIP decreased the transcriptional activity of PPARy, in a
dose-dependent manner (Figure 5f). These results indicate
that sLZIP binds to the CREB-binding site of the FABP4
enhancer, and leads to formation of the PPARy, corepressor
complex.

sLZIP promotes osteogenesis via enhancement of
Runx2 transcriptional activity. We investigated the role
of sLZIP in the regulation of Runx2 transcriptional activity.
sLZIP increased the transcriptional activity of Runx2 by
4.2-fold, whereas si-sLZIP decreased Runx2 transcriptional
activity in a dose-dependent manner (Figures 6a and b).
PPARy, inhibited the transcriptional activity of Runx2
by ~50%; however, sLZIP abrogated the transcriptional
activity of Runx2 that was repressed by PPARy,
(Figure 6c). We examined whether HDAC3 is involved
in sLZIP-mediated regulation of Runx2 transcriptional
activity. HDACS3 decreased Runx2 transcriptional activity;
however, sLZIP recovered the transcriptional activity of
Runx2 in a dose-dependent manner (Figure 6d). The effect
of sLZIP on differentiation of MSCs to osteoblasts was
investigated. sLZIP increased the differentiation of primary
human MSCs and C3H10T1/2 cells into osteoblasts;
however, knockdown of sLZIP decreased osteoblast
differentiation (Figure 6e). We also examined osteoblast
differentiation in MEFs isolated from sLZIP TG mice. sLZIP
promotes both osteoblast differentiation and bone nodule
formation (Figure 6f and Supplementary Figure S5).
Furthermore, sLZIP upregulated expressions of the Runx2
target genes, including alkaline phosphatase, osteocalcin
(OC), and bone sialoprotein by 4.2-, 2.9- and 3.4-fold,
respectively (Figure 6g). These results suggest that
sLZIP enhances the transcriptional activity of Runx2 via
inhibition of PPARy, activity and, thereby, induces osteo-
blast differentiation.

sLZIP enhances bone mass in vivo. To investigate the
physiological role of sLZIP during the process of
bone formation, we performed a histological analysis using
the distal femur and the proximal tibia isolated from sLZIP
TG mice. Results showed a thickened cortical bone and
increased mass trabecular bones in the femur, compared
with WT mice (Figure 7a and Supplementary Figure S6a).
Bone histomorphometric analysis confirmed the observed
increase in the bone volume (BV) of sLZIP TG mice.
The bone mineral density and the BV/tissue volume of
sLZIP TG mice were significantly increased by 25% and
36%, respectively, compared with WT mice (Figure 7b).
To investigate detailed static bone histomorphometry,
the thickness (Tb. Th.), bone number (Tbh. N.), and
separation (Tb. Sp.) of trabeculae were all measured in
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WT and sLZIP TG mice. The bone number and the
thickness of the trabeculae were increased by 31% and
22%, respectively and the trabecular bone separation was
decreased by 29% in sLZIP TG mice, compared with WT
mice (Figure 7b). Similar results were observed using
two- and three-dimensional micro-CT analyses of the
distal part of the femur and the proximal part of the tibia
(Figures 7c—e). The effect of sLZIP on ossification
(or osteogenesis) in vivo was evaluated. Staining with
cartilage-specific Alcian Blue and bone-specific Alizarin
Red at E17.5 revealed that the skulls and limbs of sLZIP
TG mouse embryos exhibited accelerated ossification,
compared with WT mice (Figure 7f). In addition, results of
whole skeletal staining showed that the skulls of sLZIP TG
mice were slightly larger than the skulls of WT mice
(Figure 7f). A bone, when first starting to develop during
embryogenesis, is formed of cartilage that is subsequently
replaced bone in a process called ossification.'”” To
investigate whether sLZIP-mediated bone formation is
involved in cartilage development, we examined the effect
of sLZIP on chondrocyte differentiation. ATDC5 chondro-
genic cells were treated with insulin and allowed to
differentiate into chondrocytes. In the presence of insulin,
sLZIP did not affect expression of the chondrocyte
differentiation marker genes, including Sox9 and CollllIA1
(Supplementary Figure S6b). Staining with Alcian Blue at
E12.5 revealed that the limbs and tails of sLZIP TG mouse
embryos exhibited no difference from WT embryos
(Supplementary Figure S6c). Bone homeostasis is main-
tained by a balance between bone formation by osteoblasts
and bone resorption by osteoclasts in vertebrates.'®
Osteoblasts not only have a role in bone formation,
but also regulate osteoclastogenesis.'® To investigate
whether sLZIP regulates osteoclast differentiation, bone
marrow macrophages isolated from sLZIP TG mice
were differentiated into osteoclasts. There were no differ-
ences between WT and sLZIP TG mice in expression
of the osteoclast markers Oscar, CTSK, and TRAP
(Supplementary Figure S6d). These findings point to a
novel mechanism whereby sLZIP represses adipogenesis
and promotes osteogenesis via modulation of the tran-
scriptional activities of PPARy, and Runx2 in MSCs.

Discussion

sLZIP decreases the transcriptional activity of GR by
recruiting and activating HDACs.' PPARy, contains a
C-terminal ligand-binding domain that has an activation
domain (AF2).2° The LxxLL motif, which is found in most
co-regulators, is important for interaction between the nuclear
receptor and the co-regulator via AF2.2° sLZIP has two LxxLL
motifs in the transactivation domain that are critical for
modulation of GR activity.'® Therefore, the present study
investigated the relationship between sLZIP and PPARy
transcriptional activation. sLZIP inhibits PPARy, transcrip-
tional activity via interaction with PPARy,; however, the LxxLL
motifs of sLZIP were not necessary for regulation of PPARy,
transactivation. sLZIP dissociates from PPARy, after treat-
ment with the PPARy, ligand, as do other PPARy, corepres-
sors. However, the inhibitory effect of sLZIP on PPARy,
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transcriptional activity is retained. sLZIP (1-220), containing
the DNA-binding domain and the HDAC3 interaction domain,
inhibited PPARy, transcriptional activity although it lacks the

PPARy, interaction domain. Our results indicate that sLZIP
binds to the CREB-binding site of the FABP4 enhancer,
leading to the inhibition of HDAC3 degradation by enhancing
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the formation of the corepressor complex (Supplementary
Figure S7a and b). Two homologous mouse LZIPs have been
identified and designated as mouse LZIP-1 and LZIP-2.2!
Mouse LZIP also decreases the transcriptional activity of
PPARy,; however, the effect is much less than for human
sLZIP. Therefore, we generated human sLZIP TG mice and
the role of sLZIP in adipogenesis was investigated. Consistent
with in vitro results, adipocyte differentiation was inhibited in
both primary pre-adipocytes and MEFs isolated from sLZIP
TG mice.

Adipocyte and osteoblast differentiation of MSCs is
reversely regulated by critical differentiation regulators. The
transcriptional co-activator with PDZ-binding motif (TAZ)
stimulates transcription of the Runx2-dependent gene OC, a
late marker of osteoblast development, and represses
PPARy.-dependent gene transcription via interaction with
PPARy, 2 Adipocyte differentiation is enhanced in MEFs
isolated from TAZ knockout mice, whereas bone formation is
inhibited in TAZ-depleted zebra fish embryos.'® Vascular
endothelial growth factor (VEGF) also regulates the balance
between adipocyte and osteoblast differentiation. A VEGF
deficiency in osteoblastic precursor cells causes development
of an osteoporosis-like phenotype and increased bone
marrow fat.22 The homeobox protein MSX-2 (Msx2) inhibits
both the expression and transcriptional activity of PPARy , and
blocks adipocyte differentiation of MSCs; however, Msx2-
deficient mice show defects in skull ossification and
decreased numbers of osteoblasts.?®

Osteogenesis is regulated by many of the major
developmental signaling pathways, including the bone
morphogenetic protein (BMP), Wnt, and Runx2 pathways.'”
Runx2 is expressed at the site of bone formation and
is a key transcription factor of osteoblast differentiation.®
Activation of PPARy, inhibits Runx2-mediated transcription,
whereas PPARy,-deficient mice show increased bone mass
via stimulation of osteoblastogenesis.?* Clinical surveys
indicate that the long-term use of the drug TZDs by diabetes
patients leads to an increase in the fat ratio and to bone
loss, and MSCs from osteoporosis patients are more
differentiated into adipocytes than osteoblasts, compared
with patients with normal bone mass.?® sLZIP enhances
osteoblast differentiation and bone development via
upregulation of the transcriptional activity of Runx2 and
downregulation of PPARy, transactivation (Supplementary
Figure S7c). A recent study has reported that the
LZIP homolog gene OASIS is induced by BMP2 signaling
in osteoblasts and results in increased bone formation.?®

<
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In addition, glucocorticoids suppress bone formation
by attenuating osteoblastogenesis via interaction of
monomeric GR with AP-1." sLZIP functions as a
negative regulator in glucocorticoid-induced transcriptional
activation of GR."® Therefore, sLZIP probably has a critical
role in controlling the balance of adipocyte and osteoblast
differentiation via regulation of the activities of nuclear
receptors.

Although numerous studies have described MSC
differentiation, the molecular mechanism to control the
balance between adipogenesis and osteogenesis in
MSCs remains unclear. The present study showed
that sLZIP inhibits the transcriptional activity of PPARy,
in both the presence and absence of a ligand via
interaction with the corepressor complex, including
HDACS3. sLZIP binds directly to the CREB-binding site of
the FABP4 enhancer, leading to the enhancement of
PPARy, corepressor complex formation. sLZIP inhibits
adipogenic differentiation both in vitro and in vivo.
sLZIP increases the transcriptional activity of Runx2
via suppression of PPARy, transcriptional activity and
promotes osteoblast differentiation in both MSCs and
MEF cells of sLZIP TG mice, leading to bone mass
enhancement.

This is the first report of a novel mechanism whereby
sLZIP functions as a key regulator to control the balance
between adipogenesis and osteogenesis. Therefore, sLZIP
is a potentially useful therapeutic target molecule for a
medical approach to treatment of skeletal dysplasia,
osteoporosis, hypertrophic obesity, and the metabolic
syndrome.

Materials and Methods

Materials. Dulbecco’s modified Eagle’s medium (DMEM), RPMI 1640,
penicillin, and streptomycin were purchased from Invitrogen (Carlsbad, CA,
USA). Fetal bovine serum (FBS) was purchased from Hyclone Laboratory (Cat.
no. SH30919.03). Antibodies against PPARy,, HDACs (1, 2, 3, 4, 6, 8, and 9),
RXRa, NCoR1, PGC1e, and f-actin were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-mouse and anti-rabbit
peroxidase-conjugated secondary antibodies were purchased from Pierce
(Madison, WI, USA). Insulin, methylisobutylxanthine (IBMX), -glycerophosphate,
ascorbic acid, dexamethasone, Alizarin Red, Oil Red O, troglitazone, and
pioglitazone were purchased from Sigma-Aldrich (St Louis, MO, USA).
Rosiglitazone was purchased from Enzo Life Science (Farmingdale, NY, USA).

Cell culture and differentiation. Primary human MSCs were
purchased from Lonza (Walkersvile, MD, USA) and grown in DMEM
supplemented with 10% FBS and penicillin (100 U/ml)/streptomycin
(100 pg/ml). MEF cells were isolated from 12.5-day-old-WT and sLZIP TG mouse

Figure 3 HDAC3 s involved in sLZIP suppression of PPARy, transcriptional activity. (a) 293T cells were transfected with FABP4-Luc, f-galactosidase, PPARy,, and sLZIP.
Following transfection, cells were stimulated with or without 10 .M Rosi and 100 nM TSA. Promoter activity was determined by a luciferase assay. *P<0.005. (b) HA-sLZIP
was transfected into 293T cells. Cell lysates were collected and immunoprecipitation assays were performed using the indicated antibodies. (¢) GST-HDAC3 and
Flag-sLZIP were co-transfected into 293T cells. Cell lysates were collected and GST pull-down assays were performed using glutathione 4B beads. (d) GFP-sLZIP were
expressed into C3H10T1/2 cells and analyzed by fluorescence microscopy using Texas Red-conjugated anti-HDAC3 antibody. The nucleus was stained with DAPI. (e) 293T
cells were transfected with FABP4-Luc, f5-galactosidase, PPARy,, sLZIP, and 100 nM siRNAs against scramble (sc), sLZIP, HDAC1, 2, 3, and 8 (H1, H2, H3, and H8,
respectively). After transfection, cells were stimulated with or without 10 M Rosi for 24 h, and promoter activity was determined. *P<0.01; **P<0.005. (f) 293T cells were
co-transfected with FABP4-Luc, f-galactosidase, PPARy,, HDAC3, and sLZIP. Following transfection, cells were stimulated with or without 10 «M Rosi for 24 h and subjected
to a luciferase assay. Luciferase activities were normalized to the f-galactosidase activity and presented as the relative activity. (g) 293T cells were transfected with
GST-HDAC3 and Flag-sLZIP, and treated with or without 10 M Rosi for 24 h. Cell lysates were subjected to a GST pull-down assay. (h) Flag-sLZIP was expressed into 293T
cells. Cells were treated with 10 «M Rosi for 24 h. Cell extracts were analyzed by an immunoprecipitation assay using an anti-NCoR1 antibody. Protein complex was analyzed

on SDS-PAGE, followed by western blotting
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embryos, from which heads and organs were removed.?” Embryos were minced
and digested using trypsin, and embryonic cells were grown in DMEM
supplemented with 10% FBS and penicillin (100 U/ml)/streptomycin (100 pg/ml).
Pre-adipocytes were isolated as previously described.?® Briefly, primary
pre-adipocytes were isolated from epididymal fat pads of WT and sLZIP TG
mice using collagenase digestion and maintained in DMEM supplemented with
10% bovine calf serum and penicillin (100 U/ml)/streptomycin (100 ug/ml). ATDC5
cells were cultured in the medium consisting of a 1:1 mixture of DMEM
and Ham's F-12 medium (Invitrogen) containing 5% FBS, 10 xg/ml human
transferrin (Sigma-Aldrich), and 3 x 10®M sodium selenite (Sigma-Aldrich)
and antibiotics. C3H10T1/2 and 293T cells were grown in DMEM containing
10% FBS and antibiotics. 3T3-L1 cells were grown in DMEM containing
10% bovine calf serum and antibiotics. Cells were cultured at 37°C in a
humidified incubator containing 5% CO,. To induce adipocyte differentiation,
primary human MSCs, primary pre-adipocytes, MEFs, C3H10T1/2, and
3T3-L1 cells were grown to confluence, and the media were replaced by
DMEM containing 10% FBS, 5 pg/ml insulin, 1 M dexamethasone, and 0.5 mM
IBMX. To induce osteoblast differentiation, the media of MEFs and C3H10T1/2
cells were changed with DMEM containing 50 ug/ml ascorbic acid and 10 mM
p-glycerophosphate. The differentiation media were replaced every 2 days. For
induction of chondrogenesis, ATDC5 cells were treated with 10 ug/ml insulin in
the medium.

Transient transfection and virus infection. Cells were plated
in 60-mm culture dishes. After incubation for 24 h, cells were transfected
using Lipofectamine 2000 (Invitrogen) or Genefectine (Genetrone Biotech.,
Qwangmyeong, South Korea) according to the manufacture’s protocol.
siRNAs were generated using sLZIP and HDAC target sequences in
Supplementary Table S1. For RNA interference experiments, cells were
transfected with scrambled siRNA and appropriate siRNAs using Lipofecta-
mine 2000 reagent according to the manufacturer's instructions. Human
MSCs were infected with an empty lentivirus or lentivirus-expressing human
sLZIP shRNA. 3T3-L1 and C3H10T1/2 cells were infected with adenoviral
vectors containing cDNA for human sLZIP or the empty vector at 50 MOI
(multiplicity of infection). After 2 h, the infection medium was replaced by the
fresh medium.

Semi-quantitative RT-PCR and quantitative real-time PCR. Total
RNA was extracted using a TRIzol reagent (Invitrogen) according to the
manufacturer's instructions. The first-strand cDNA was synthesized from 2 ug
RNA using the Accupower RT PreMix (BioNeer, Daejeon, South Korea).
Polymerase chain reaction (PCR) amplification was performed using the Hipi PCR
Mix Kit (ELPIS-Biotech. Inc, Daejeon, South Korea) and the oligomers listed in
Supplementary Table S2. GAPDH was amplified as an internal control.
Real-time PCR was performed using LightCycler 480 with use of SYBR green
master mix (Roche, Mannheim, Germany) and the oligomers listed in
Supplementary Table S3. The ratio of target gene expression level over f-actin
or GAPDH was calculated using a ACT method where the CT value is defined as
the number of PCR cycle at which the fluorescent signal reaches a fixed threshold
ratio of target. Each experiment was performed in three experimental replicates
with three technical replicates within each experiment.

Luciferase reporter gene activity assay. Luciferase assays were
performed using the Luciferase Assay System (Promega Corporation, Madison,
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WI, USA). Transfected cells were washed twice with ice-cold PBS and lysed in
culture dishes using a reporter lysis buffer. Luciferase activities were recorded
using a Luminometer 20/20" (Turner BioSystems, Sunnyvale, CA, USA) according
to the manufacturer’s instructions. Luciferase activities were normalized to the
f-galactosidase activity. For the f-galactosidase assay, pSV-f-galactosidase was
co-transfected with the luciferase reporter gene. Cell extracts were assayed for the
p-galactosidase activity using the f-galactosidase enzyme assay system
(Promega) and analyzed using an ELISA plate reader (Bio-Rad Inc., Hercules,
CA, USA). The ratio of the luciferase activity to the f-galactosidase activity was
determined in triplicate samples. All data are presented as a mean + S.D. of at
least three independent experiments.

Electrophoretic mobility shift assay. Complementary oligonucleotides
were annealed and labeled with [-**P] ATP (Perkin Elmer, Waltham, MA, USA)
using T4 polynucleotide kinase (Promega). Unincorporated nucleotide was
removed by passage over a Bio-Gel P-6 spin column (Bio-Rad Inc.) as described
by manufacturer’s instructions. The His-sLZIP proteins were pre-incubated in the
binding buffer (10 x GRAB, 20mM DTT, Poly (dl-dC)) and incubated with
radiolabeled probe for 20 min at room temperature. Each reaction mixture was
then loaded on the well of a 6% non-denaturing polyacrylamide gel and
electrophoresed in TBE buffer. For competition experiments, binding reactions
were incubated with a 100-fold molar excess of unlabeled CREB-binding
oligonucleotide for 30 min before addition of radiolabeled oligonucleotide. For
supershift assay, anti-His antibody (Santa Cruz Biotechnology) was added to the
reaction mixture for an additional 30 min on ice. The probes used for EMSA are
listed in Supplementary Table S4.

ChIP. C3H10T1/2 cells grown in 100-mm culture dishes were infected with
adenoviral HA-sLZIP. Following infection, cells were maintained in growth medium
up to full confluence and medium was changed with differentiation medium. Cells
were washed with 1 x PBS and treated with 1% formaldehyde in medium at room
temperature for 10 min, followed by addition of glycine to a final concentration of
0.125M for 5min. Cells were scraped into PBS and centrifuged at 1000 x g for
5min at 4 °C. ChIP assays were performed by co-precipitating the DNA-protein
complexes with anti-HA antibody and anti-rabbit IgG as an internal control. The
enhancer region of FABP4, which contains a functional CRE, was amplified from
the prepared DNA using a primer pair: forward 5'-TAGCTGGAGAATCGCACAGA-3’
and reverse 5'-ACTTCCACTAGTGAACTCTGAT-3'.

Fluorescence microscopic analysis. Cells were grown on glass
coverslips, washed twice with PBS, fixed in 4% paraformaldehyde for 10 min,
and permeabilized with 0.2% Triton-X 100 for 5min. Cells were incubated with
1% BSA for 1h and with appropriate antibodies at 4 °C overnight. After washing
with PBS, cells were incubated with Texas Red-conjugated antibodies for 2h in
the dark. Cover slides were washed with PBS, mounted, and examined using a
LSM 700 META confocal microscope (Carl Zeiss, Jena, Germany).

sLZIP TG mice generation and bone histomorphometric
analysis. For generation of human sLZIP TG mice, the sLZIP gene was
cloned into the pCMV-Flag expression vector. sLZIP TG mice were generated by
Macrogen Inc. (Seoul, South Korea). TG founders were mated with WT C57BL/6
mice to produce F1 heterozygotes. F1-F4 generations were genetically screened
for the transgene at 2-week-old age. Following primers were used for amplification
of the genomic DNA to identify WT and sLZIP TG mice: 5-GGA CGA TGA TGA

«

Figure 4 sLZIP enhances formation of the PPARy, corepressor complex. (a) 293T cells were transfected with GST-PPARy, and Flag-sLZIP, and treated with or
without 10 M Rosi for 24 h. Cell lysates were collected and subjected to a GST pull-down assay using glutathione 4B beads. Cell extracts were analyzed by an
immunoprecipitation assay using an anti-Flag antibody. (b) 293T cells were transfected with GST-PPARy, and Flag-sLZIP, and treated with 10 M Rosi for the indicated
time periods. Cell lysates were subjected to a GST pull-down assay. (c) 293T cells were transfected with FABP4-Luc, -galactosidase, PPARy,, and various sLZIP
deletion mutants. Following transfection, cells were stimulated with or without 10 M of Rosi for 24 h. Luciferase activities were normalized to the -galactosidase activity
and presented as the relative activity. All experiments were performed in triplicate and the bar represents the mean = S.D. *P<0.01; **P<0.005. (d) 293T cells were
transfected with GST-HDAC3, Myc-PPARy,, and Flag-sLZIP, then treated with or without 10 «M Rosi for 18 h. Cell lysates were subjected to a GST pull-down assay
using glutathione 4B beads. (e) GST-HDAC3, Myc-PPARy,, Flag-sLZIP, and HA-Ub were expressed into 293T cells. Cells were then treated with 10 M Rosi for 18 h.
Cell lysates were subjected to a GST pull-down assay. (f) 293T cells were transfected with GST-PPARy, and Flag-sLZIP, and treated with 10 «M Rosi for 24 h. Cell
lysates were subjected to a GST pull-down assay. Protein complex was analyzed on SDS-PAGE followed by western blotting using anti-PGC1«, anti-GST, and anti-Flag

antibodies
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Figure 5 sLZIP binds to the enhancer region of FABP4. (a) Analysis of the FABP4 enhancer sequence by Transcription Element Search System and AliBaba2. (b) Recombinant
His-sLZIP fusion protein (3 ug) was incubated with y->2P-labeled oligonucleotide probes containing the putative CREB-binding element. (c) 7-*2P-labeled oligonucleotide probes
were incubated with increasing amounts of purified His-sLZIP. A competition assay was performed using a 100-fold molar excess of unlabeled CRE oligonucleotide probes.
His antibody was added to the reaction mixture for a supershift assay. (d) His-sLZIP protein was subjected to an EMSA using WT and CRE mutants (TGATGTCA — TGGGGTCA).
(e) C3H10T1/2 cells were infected with adenoviral HA-sLZIP and differentiated into adipocytes. After 8 days from post-induction, ChIP assays were performed using an antibody
specific for HA-sLZIP. Input or immunoprecipitated chromatin was subjected to a PCR as a control for variations. (f) 293T cells were transfected with FABP4 enhancer-Luc,
[f-galactosidase, PPARy,, and various amounts of sLZIP (0.1, 0.25, and 0.5 ug). Following transfection, cells were stimulated with 10 «M Rosi for 24 h. Luciferase activities were
normalized to the f3-galactosidase activity and presented as the relative activity. All experiments were performed in triplicate and the bar represents the mean + S.D.
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Figure 6 sLZIP promotes osteogenesis via enhancement of Runx2 transcriptional activity. (a) 293T cells were transfected with six copies of the Runx2 response element
(OSE-Luc), -galactosidase, Runx2, and various amounts of sLZIP (0.1, 0.25, and 0.5 ug). (b) 293T cells were transfected with OSE-Luc, f-galactosidase, Runx2, and
various amounts of si-sLZIP (10, 50, and 100 nM). (c) 293T cells were transfected with OSE-Luc, -galactosidase, PPARy,, Runx2, and sLZIP. (d) 293T cells were transfected
with OSE-Luc, 5-galactosidase, Runx2, HDAC3, and various amounts of sLZIP (0.25 and 0.5 xg). Promoter activity was determined by a luciferase assay. Luciferase activities
were normalized to the 5-galactosidase activity and presented as the relative activity. *P<0.01; **P<0.005. (e) Primary human MSCs and C3H10T1/2 cells were infected
with sLZIP-expressing adenovirus or sLZIP shRNA expressing lentivirus, and differentiated into osteoblasts for 8 days. Scale bar, 50 um. (f) MEF cells isolated from WT and
sLZIP TG mice were differentiated into osteoblasts for 14 days. Cells were stained with Alizarin Red solution, and the number of nodules was counted. The number of bone
nodules was counted in four randomly selected fields for each well, and data represent the mean of three independent experiments + S.E.M. *P<0.01. Scale bar, 50 um.
(g) C3H10T1/2 cells were infected with sLZIP-expressing adenovirus and differentiated into osteoblasts for 8 days. Total RNA was extracted and the mRNA expression level
of osteoblast marker genes (APL, OC, and BSP) were determined using real-time PCR. GAPDH was used as an internal control. *P<0.001, **P<0.005. All experiments
were performed in triplicate and the bar represents the mean + S.D.

CAA GGA CT-3 and 5'-GTC AGA GGA GTA CAT GCT GCT-3'. sLZIP TG mice
at embryonic day 12.5 (E12.5; cartilage) and 17.5 (E17.5; bone) were prepared
and stained with Alizarin Red and Alcian Blue. Briefly, dissected embryos were
rinsed with PBS and fixed in 95% ethanol for 24h. The embryos were then
transferred to staining solution consisting of 0.03% Alcian Blue 8GX and 0.5%
Alizarin Red. After 24 h, tissues were dissolved by adding 2% KOH for 6h, and
rinsed with 20% glycerol/0.25% KOH for 24 h. Samples were then treated with
50% glycerol and 0.25% KOH for further clearing and storage. Micro-CT analyses

were performed using Sky-Scan 1172 (Skyscan, Kontich, Belgium) and CT
analyzer (Skyscan).

Statistical analysis. Data were presented as the mean+S.D.
Statistical evaluation was carried out using a one-way ANOVA. Data
were considered statistically significant when P<0.05. All statistical
analysis was performed using a computer program Prism (Graphpad Software,
La Jolla, CA, USA).
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Figure 7 sLZIP enhances bone mass in vivo. (a) Hematoxylin/eosin staining of femurs in WT (n=6) and sLZIP TG (n= 5) mice. (b) Histomorphometric analyses of bone
mineral density (BMD), bone volumettissue volume (BV/TV), trabecular thickness (Tb. Th.), bone number (Tb. N.), and separation (Tb. Sp.) in WT (n=6) and sLZIP TG
(n=5) mice. *P<0.001, **P<0.005. (c and d) Micro-CT analysis of trabecular bones in femurs of 10-week-old WT (n=6) and sLZIP TG (n = 5) mice. Two-dimensional (c)
and three-dimensional (d) micro-CT analyses of distal part of femur and proximal part of tibia. (e) Cross-sectional images of the cortical bone. (f) Alizarin Red and Alcian Blue
staining of mouse embryos at E17.5 stage (n=5) (Cr: cranium, Mx: maxilla, Md: mandible, St: stylopod, Ze: zeugopod)
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