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The transcription factor NKX1-2 promotes adipogenesis and
may contribute to a balance between adipocyte and

osteoblast differentiation
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Although adipogenesis is mainly controlled by a small num-
ber of master transcription factors, including CCAAT/enhanc-
er-binding protein family members and peroxisome prolifera-
tor-activated receptor y (PPARY), other transcription factors
also are involved in this process. Thyroid cancer cells expressing
a paired box 8 (PAX8)-PPARY fusion oncogene trans-differen-
tiate into adipocyte-like cells in the presence of the PPARYy
ligand pioglitazone, but this trans-differentiation is inhibited by
the transcription factor NK2 homeobox 1 (NKX2-1). Here, we
tested whether NKX family members may play a role also in
normal adipogenesis. Using quantitative RT-PCR (RT-qPCR),
we examined the expression of all 14 NKX family members
during 3T3-L1 adipocyte differentiation. We found that most
NKX members, including NKX2-1, are expressed at very low
levels throughout differentiation. However, nRNA and protein
expression of a related family member, NKX1-2, was induced
during adipocyte differentiation. NKX1-2 also was up-regulated
in cultured murine ear mesenchymal stem cells (EMSCs) during
adipogenesis. Importantly, shRNA-mediated NKX1-2 knock-
down in 3T3-L1 preadipocytes or EMSCs almost completely
blocked adipocyte differentiation. Furthermore, NKX1-2 over-
expression promoted differentiation of the ST2 bone marrow—
derived mesenchymal precursor cell line into adipocytes. Addi-
tional findings suggested that NKX1-2 promotes adipogenesis
by inhibiting expression of the antiadipogenic protein COUP
transcription factor II. Bone marrow mesenchymal precursor
cells can differentiate into adipocytes or osteoblasts, and we
found that NKX1-2 both promotes ST2 cell adipogenesis and
inhibits their osteoblastogenic differentiation. These results
support a role for NKX1-2 in promoting adipogenesis and pos-
sibly in regulating the balance between adipocyte and osteoblast
differentiation of bone marrow mesenchymal precursor cells.
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Obesity is associated with premature death due to its link to
type 2 diabetes, hypertension, cardiovascular disease, stroke,
and certain cancers (1-3). Adipose tissue plays a central role in
energy homeostasis and is composed of mesenchymal stem
cells, vascular cells, preadipocytes, and mature fat cells. White
adipose tissue, which expands in obesity, is specialized to store
energy in the form of lipid, whereas brown and beige adipose cells
primarily serve a thermogenic function (4). Adipogenesis has been
studied extensively in vitro, in particular using the murine 3T3-L1
preadipocyte line that can be induced to differentiate into mature
white adipocytes by exposure to an adipogenic mixture consisting
of the synthetic glucocorticoid dexamethasone, insulin, the phos-
phodiesterase inhibitor isobutylmethylxanthine, and fetal bovine
serum (FBS)® (5-8).

This well-studied adipocyte differentiation is controlled by a
tightly regulated cascade of key transcription factors (TFs),
including CCAAT /enhancer-binding protein (C/EBP) family
members (C/EBPa, C/EBPB, and C/EBPS) and the nuclear
receptor peroxisome proliferator-activated receptor y (PPARY),
which have been shown both in vitro and in vivo to be the
master regulators of adipogenesis (9). In addition, other TFs
and cofactors, such as KLFs (10, 11), STAT5 (12, 13), PBX1 (14),
Krox20 (15), AP1 (16, 17), ATFs (18), GATA2/3 (19, 20), TAF8
(21), and Mediator subunits (MED1, MED14, and NED23) (22—
24), have been reported to be involved in regulating either adi-
pocyte commitment or differentiation in cell line and/or mouse
models. Recent studies using ChIP and DNase hypersensitivity
mapping have provided substantial insight into the specific
gene expression and epigenetic changes that underlie adipo-
genesis (25—34). However, due to the diversity of factors and
mechanisms involved in adipocyte differentiation, the full com-

3 The abbreviations used are: FBS, fetal bovine serum; PPARy, peroxisome
proliferator-activated receptor y; NKX2-1, NK2 homeobox 1; PAX8, paired
box 8; qPCR, quantitative PCR; EMSC, ear mesenchymal stem cell; COUP,
chicken ovalbumin upstream promoter; TF, transcription factor; C/EBP,
CCAAT/enhancer-binding protein; HD, homeodomain; KLF, Kruppel-like
factor; ATF, Activating transcription factor; TTF-1, thyroid transcription fac-
tor 1; PPFP, PAX8-PPARYy fusion protein; MDI, 3-isobutyl-1-methylxan-
thine, dexamethasone and insulin; ORO, Oil Red O; EV, empty vector; HSL,
hormone-sensitive lipase; SMRT, silencing mediator of retinoic acid and
thyroid hormone receptor; GSK3, glycogen synthase kinase 3; bFGF, basic
fibroblast growth factor; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; ANOVA, analysis of variance; shControl, control shRNA; Rosi,
rosiglitazone.
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plement of key transcriptional regulators that orchestrate adi-
pogenesis remains to be elucidated.

The NKX family of homeodomain (HD)-containing TFs
includes numerous members that display diverse functions in
cell fate determination, development (especially of the nervous
system), and tumorigenesis (35-37). For example, NKX1-2,
which is the focus of this study, is expressed early in develop-
ment in neuromesodermal progenitor cells and contributes to
the formation of all three germ layers (38 —40). NKX1-1/Sax2 is
expressed predominantly in the brainstem, through which it
plays an important role in whole-animal energy homeostasis
and adiposity (41). NKX2-2 is required for cell patterning in the
ventral neural tube and pancreatic islet B-cell specification (36,
42, 43). NKX2-5 plays important roles in cardiac and thyroid
development (44). NKX5-1 plays a role in neuronal cell-type
specification and is required for development of the inner ear
and hypothalamus (45, 46). NKX6-1 is required for pancreatic
B-cell development (47, 48). NKX6-2 regulates axon-—glia
interactions, and its mutation causes a form of spastic ataxia
(49). Finally, NKX2-1 (also called thyroid transcription factor 1
(TTE-1)) is essential for development of the thyroid, lung, and
brain (50).

Asnoted above, PPARYyis a master regulator of adipogenesis.
Although PPARY is expressed at very low levels in the normal
thyroid and has no known function in normal thyroid biology
(51), a subset of thyroid cancers is caused by a chromosomal
translocation that fuses the genes PAX8 and PPARG, resulting
in expression of an oncogenic PAX8 —-PPARy fusion protein
(PPFP) (52). We previously found that pioglitazone, a synthetic
agonist ligand for PPARY, also binds to PPFP and turns it into a
strongly PPARYy-like protein, resulting in adipogenic trans-dif-
ferentiation of PPFP-expressing thyroid cancer cells (53). We
also found that NKX2-1 physically interacts with PPFP and
inhibits PPFP/pioglitazone-mediated adipogenic trans-differ-
entiation (54). These data led us to test whether NKX family
members may play a role in normal adipogenesis. We found
that the transcriptional repressor NKX1-2 promotes the differ-
entiation of preadipocytes into adipocytes, at least in part by
repressing the expression of the negative adipogenic regulator
chicken ovalbumin upstream promoter (COUP)-TF II (55, 56).
In addition, not only does NKX1-2 promote the adipogenic
differentiation of ST2 cells, a bone marrow— derived mesenchy-
mal precursor cell line, it also inhibits the differentiation of
those cells into osteoblasts. Overall, our data suggest a novel
role for NKX1-2 in adipogenesis and possibly in bone
homeostasis.

Results

The homeodomain transcription factor NKX2-1/TTF-1 inhibits
adipogenesis of 3T3-L1 cells

We recently found that thyroid cancer cells expressing the
PAX8-PPARY fusion oncogene trans-differentiate into adi-
pocyte-like cells in the presence of the PPARYy agonist ligand
pioglitazone, but that this trans-differentiation is inhibited by
the homeodomain TF NKX2-1/TTF-1 (54). This led us to
hypothesize that NKX family members may play a role in nor-
mal adipogenesis. To begin to test this hypothesis, we stably
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overexpressed NKX2-1 in 3T3-L1 preadipocytes and found
that this inhibits differentiation to mature adipocytes, as indi-
cated by reduced formation of lipid droplets and decreased
expression of markers of mature adipocytes, including PPARY,
C/EBPq, and FABP4 (Fig. S1). However, we found that, prior
to and throughout differentiation, endogenous NKX2-1 is
expressed at negligible levels in 3T3-L1 cells (Fig. 1), calling into
question the physiological relevance of the overexpression data.
This led us to test whether other NKX family members may
play a role in adipogenesis.

NKX1-2 is induced during adipocyte differentiation

The endogenous expression of all 14 NKX family members
was evaluated by reverse transcription-quantitative PCR (RT-
qPCR) during 3T3-L1 preadipocyte differentiation. We found
that most Nkx genes, including Nkx2-1, are expressed at very
low levels throughout differentiation. However, the related
family member Nkx1-2 is induced during adipocyte differenti-
ation at both the mRNA and protein levels (Fig. 1, A and B).

NKX1-2 knockdown inhibits adipocyte differentiation

We next evaluated the effect of NKX1-2 depletion on adipo-
genesis. Two independent shRNAs targeting different regions
of Nkx1-2 (Fig. 2A) were used to knock down endogenous
Nkx1-2 at both the protein and RNA levels in 3T3-L1 preadi-
pocytes (Fig. 2, C and D). Importantly, knockdown of endoge-
nous NKX1-2 almost completely blocked adipocyte differenti-
ation as indicated by decreased Oil Red O (ORO) staining of
neutral lipid (Fig. 2B) and reduced protein and/or RNA expres-
sion of adipocyte markers PPARYy, C/EBP«a, FABP4, and adi-
ponectin (Figs. 2, C and D, and S2, A and B). Furthermore,
knockdown of endogenous NKX1-2 using the same shRNAs
also inhibited the differentiation of cultured murine ear mesen-
chymal stem cells (EMSCs) into mature adipocytes, as demon-
strated by reduced ORO staining (Fig. 34) and reduced expres-
sion of PPARYy, C/EBPa«, and FABP4 (Fig. 3B).

NKX1-2 overexpression promotes differentiation of adipocyte
precursor ST2 cells

We next asked whether NKX1-2 overexpression could pro-
mote adipogenesis. Interestingly, overexpression of NKXI1-
2 in 3T3-L1 preadipocytes (pMSCV-Nkx1-2) inhibited their
proliferation compared with controls (pMSCV empty vector
(pMSCV-EV)) (data not shown); thus, we were unable to study
their ability to differentiate. In contrast, overexpression of
NKX1-2 did not impair the growth rate of ST2 mesenchymal
precursor cells (data not shown). Importantly, overexpression
of NKX1-2 in ST2 cells (Fig. 44) promoted their differentiation
into adipocytes, as evidenced by increases in ORO staining (Fig.
4B) and the mRNA expression of the adipocyte markers
PPARvy, C/EBPa, FABP4, adiponectin, resistin, and hormone-
sensitive lipase (HSL) (Fig. 4C). Overexpressing NKX1-2in ST2
cells significantly increased the RNA expression of PPARYy and
C/EBPa even at Day 0 before hormone inductions. Overexpres-
sion of NKX1-2 also increased the protein expression of
PPARy, FABP4, and the p42 isoform of C/EBP« but not the p30
isoform (Fig. 4D). The p42 isoform of C/EBPa has been shown
to be sufficient to trigger the differentiation program of 3T3-L1
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Figure 1. NKX1-2 is induced during adipocyte differentiation. A, 3T3-L1 preadipocytes were induced to differentiate with MDI and total RNA was isolated
at the times indicated (Day 0 is the day of addition of the hormone mixture). RT-qPCR was then performed to measure the mRNA expression level of each Nkx
family member at each time point. RNA expression was normalized to cyclophilin mRNA, and the expression is given relative to the RNA level of Nkx2-6 at Day
0 setat 1. B, upper panel, an independent experiment to analyze Nkx1-2 expression during 3T3-L1 cell adipocyte differentiation using the same conditions as
in A. RNA expression was normalized to cyclophilin mRNA, and the expression is given relative to the RNA level of Nkx1-2 at Day O set at 1. B, lower panel,
immunoblot (IB) for NKX1-2 and GAPDH as a loading control. A and B, upper panel, data are given as the mean = S.D. (error bars) from triplicate samples.
Statistical significance was evaluated with an ANOVA followed by Dunnett’s test compared with Day 0 expression level as control for each gene: ***,p < 0.001.

These results are representative of three independent experiments.

preadipocytes (57, 58). Overall, these data support the hypoth-
esis that NKX1-2 is a novel proadipogenic TF that up-regulates
the expression of the adipocyte master TFs PPARyand C/EBP«
and their downstream targets FABP4, adiponectin, resistin, and
HSL.

NKX1-2 promotes adipocyte differentiation by inhibiting
COUP-TF Il expression, and the HD of NKX1-2 is required for
this inhibition

The orphan nuclear receptor COUP-TF II (Nr2f2) is ex-
pressed in adipose tissue in vivo and declines during differenti-
ation (56). Two key studies revealed that COUP-TF II is an
endogenous antiadipogenic factor that acts downstream of
hedgehog signaling by association with GATA2 to repress
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C/EBPa (56) and/or downstream of Wnt/B-catenin signaling
by recruitment of the SMRT corepressor complex to the
PPARG gene (55). Given that overexpression of NKX1-2 up-
regulates the expression of PPARy and C/EBPa and that
NKX1-2 is a transcriptional repressor (40), we tested whether
the NKX1-2 proadipogenic effect is mediated by inhibition
of COUP-TF II expression. Indeed, overexpressing NKX1-2
inhibited the mRNA and protein expression of COUP-TF II
during ST2 cell adipogenic differentiation (Fig. 54). Con-
versely, knockdown of endogenous NKX1-2 in 3T3-L1 preadi-
pocytes increased the expression of COUP-TF II during adipo-
genesis (Fig. 5B). These results suggest that NKX1-2 promotes
adipocyte differentiation at least in part by inhibiting the
expression of the antiadipogenic factor COUP-TF IL
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Figure 2. Depletion of endogenous NKX1-2 inhibits 3T3-L1 adipocyte differentiation. A, two shRNAs targeting different regions of endogenous
murine Nkx1-2 mRNA were expressed from a lentiviral vector. CDs, protein-coding sequence. B, 3T3-L1 preadipocytes were infected with lentiviruses
expressing either the shControl or one of two shRNAs directed against mouse Nkx1-2 (shNkx1-2-1 or shNkx1-2-2). Preadipocytes were induced to
differentiate with MDI. During the time course of differentiation indicated, cells were stained with ORO to assess neutral lipid accumulation. Day 0 is the
day of addition of the hormone mixture. All panels are the same magnification; a 100-um scale bar is shown in the lower right panel. C, 3T3-L1
preadipocytes expressing either shControl or shNkx1-2-2 were induced to differentiate as described in B. Cells were harvested, and immunoblotting (/B)
was performed at the time course indicated. B-Actin and GAPDH served as loading controls. Results with shNkx1-2-1 are highly similar and are therefore
presented in Fig.S2. D, time course of mRNA expression for Nkx1-2, PPAR+y, C/EBP«, FABP4, and adiponectin analyzed by RT-qPCR. Data were normalized
to cyclophilin, and the expression of each gene at Day 0 in shControl was set at 1. Data are given as the mean = S.D. (error bars) of triplicate samples.
Statistical significance versus shControl at each time point was evaluated with the Student’s t test: **, p < 0.01 and ***, p < 0.001. These results are

representative of three independent experiments.

To further test this hypothesis, we knocked down endoge-  trol 1), knockdown of COUP-TF II promoted adipocyte differ-
nous COUP-TF 1II in control shRNA (shControl) or shNkx1-2 entiation as shown by increased ORO staining (Fig. 5C, top
3T3-L1 preadipocytes. As expected, in shControl cells (shCon-  panels) and increased expression of PPARy, FABP4, and
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Figure 3. Depletion of endogenous NKX1-2 inhibits cultured murine
EMSC adipocyte differentiation. A, cultured EMSCs expressing shControl,
shNkx1-2-1, or shNkx1-2-2 were induced to differentiate into adipocytes with
the hormone mixture MDI. At the end of differentiation (Day 6), cells were
stained with ORO to assess neutral lipid accumulation. All micrographs are
the same magnification; a 100-um scale bar is shown in the lower right panel.
B, immunoblotting (/B) for NKX1-2 protein and the mature adipocyte marker
proteins PPARy, C/EBP«, or FABP4 was performed on lysates harvested at Day
0 before differentiation and Day 6 at the end of differentiation. 8-Actin served
as a loading control. These results are representative of three independent
experiments.

C/EBPa at the protein and mRNA levels (Fig. 5, D and E, lanes
2 versus lanes 1). Importantly, in shNkx1-2 cells, knockdown of
COUP-TF II partially reversed the repression of adipocyte dif-
ferentiation caused by NKX1-2 knockdown, as indicated by
increased ORO staining (Fig. 5C, bottom panels) and increased
expression of PPARYy, FABP4, and C/EBPa (Fig. 5, D and E,
lanes 4 versus lanes 3). This supports the hypothesis that the
adipogenic action of NKX1-2 is mediated by regulation of
COUP-TF II expression. The fact that s\xCOUP-TF Il only par-
tially reversed shNkx1-2—mediated repression of adipocyte dif-
ferentiation could reflect the fact that COUP-TF II knockdown
was incomplete or could indicate that additional mechanisms
also contribute to the action of NKX1-2.

NKX1-2 is a member of the HD-containing family of TFs. In
the majority of cases, the DNA-binding specificity of HD-con-
taining proteins resides exclusively within the HD itself (59),
although in some cases, other domains may cooperate with the
HD (60, 61). Therefore, we hypothesized that the HD of
NKX1-2 plays an important role in its regulation of adipogen-
esis. To test this hypothesis, we expressed an HD-deleted
mutant of NKX1-2 from the retroviral vector pMSCV

18412 J Biol. Chem. (2019) 294(48) 18408-18420

(pMSCV-Nkx1-2HDD) and transduced it in parallel with the
empty vector (pMSCV-EV) and intact NKX1-2 (pMSCV-
Nkx1-2) into ST2 cells (Fig. 6, A and B). As expected, overex-
pression of full-length NKX1-2 significantly increased ST2
cell differentiation into mature adipocytes, as indicated by
increased ORO staining (Fig. 6C) and increased expressions of
PPARYy, C/EBPw, and FABP4 at the RNA and protein levels (Fig.
6, D and E). In contrast, HD-deleted NKX1-2 (NKX1-2HDD)
was unable to increase ST2 cell adipogenic differentiation.
Strikingly, NKX1-2HDD also no longer inhibited the expres-
sion of the antiadipogenic factor COUP-TF II (Fig. 6, D and E).
Interestingly, NKX1-2 overexpression also inhibited the
expression of Runx2, the master regulator of osteogenesis (62,
63), at Day 2 of ST2 adipocyte differentiation, whereas NKX1-
2HDD had no effect on Runx2 expression (Fig. 6D). These find-
ings suggest that NKX1-2 may inhibit the differentiation of ST2
cells into osteoblasts in addition to promoting their differenti-
ation into adipocytes.

Stable NKX1-2 overexpression inhibits ST2 cell
osteoblastogenesis

Mesenchymal stem cells give rise to numerous cell types,
including adipocytes and osteoblasts, and the mouse bone
marrow—derived ST2 mesenchymal stromal cell line also can
be differentiated into either of these cell types (64, 65). Because
overexpression of NKX1-2 inhibited expression of Runx2, the
master regulator of osteogenesis, at Day 2 of ST2 cell differen-
tiation into adipocytes (Fig. 6D), we tested whether NKX1-2
also inhibits ST2 cell osteoblastogenesis. Thus, we analyzed the
effect of stable overexpression of NKX1-2 when ST?2 cells were
induced to osteoblastogenic differentiation. Overexpression of
NKX1-2 inhibited ST2 cell differentiation into osteoblasts, as
evidenced by decreased staining for matrix mineralization with
Alizarin Red (Fig. 7A) and decreased expression of the osteo-
blast markers osterix, alkaline phosphatase, and osteocalcin
(Fig. 7B). In addition, there was a trend toward reduced expres-
sion of tyrosine-rich amelogenin peptide and receptor activator
of NF-«B ligand. In contrast, the expression of Twistl and
Runx2 was unchanged. The lack of a decrease in Runx2 could
reflect the fact that these analyses were performed at the end
of osteoblastic differentiation (Day 18), by which time Runx2
expression has naturally declined. However, in additional
experiments, we found that NKX1-2 overexpression also did
not affect Runx2 expression at Days 6 and 10 of differentia-
tion (data not shown). Overall, these results indicate that
NKX1-2 regulates the bipotential ST2 cell toward an adi-
pocyte cell fate and away from an osteoblast cell fate. How-
ever, the mechanism by which osteoblastogenesis is inhib-
ited is unknown.

Activation of the canonical Wnt pathway does not induce
Nkx1-2 mRNA expression

Expression of Nkx1-2 mRNA is induced in P19 mouse
embryonal carcinoma cells by inhibitors of glycogen synthase
kinase 3 (GSK3) (40). Because GSK3 inhibitors activate canon-
ical Wnt signaling, this provides evidence that, in P19 cells, Wnt
induces Nkx1-2 mRNA. However, this induction could be a
GSK3 inhibitor effect independent of Wnt or could be specific
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Figure 4. Ectopic expression of NKX1-2 promotes adipocyte differentiation of ST2 cells. A, left panel, immunoblotting (/B) for NKX1-2 was performed to
assess protein expression in either empty vector control (pMSCV-EV) or NKX1-2-overexpressing undifferentiated ST2 cells (pMSCV-Nkx1-2). N.S., a nonspecific
band. Right panel, RT-qPCR analysis was performed to assess Nkx1-2 mRNA expression in pMSCV-EV or pMSCV-Nkx1-2 undifferentiated ST2 cells. Expression is
normalized to cyclophilin, with expression in the empty vector cells set at 1. Data are presented as the mean = S.D. (error bars) of triplicate samples. Statistical
significance versus empty vector was evaluated with the Student’s t test: ***, p < 0.001. B, pMSCV-EV or pMSCV-Nkx1-2 ST2 cells were induced to differentiate
to adipocytes with the hormone mixture MDI + rosiglitazone (Rosi). Cells at the indicated time points after addition of the hormone mixture were stained with
Oil Red O to assess neutral lipid accumulation. All panels are the same magnification; a 100-um scale bar is shown in the lower right panel. C, ST2 cells expressing
PMSCV-EV or pMSCV-Nkx1-2 were induced to differentiate as in B, and RNA was harvested at the indicated time points. The expression of PPARy, C/EBPq,
Fabp4, adiponectin, resistin, and HSL was analyzed at the mRNA level by RT-qPCR. Data were normalized to cyclophilin, and expression of each gene at Day 0
in pMSCV-EV was set to 1; note that adiponectin expression is presented on a log scale. Data are presented as the mean = S.D. (error bars) of triplicate samples.
Statistical significance versus empty vector double shControl was evaluated at each time point with the Student’s t test: **, p < 0.01 and ***, p < 0.001. These
results are representative of three independent experiments. D, immunoblotting for adipocyte marker proteins PPAR+y, C/EBP«, and FABP4 was performed at
the time points indicated in pMSCV-EV and pMSCV-Nkx1-2 ST2 cells. B-Actin served as a loading control. N.S., nonspecific band.

to P19 cells. Because canonical Wnt signaling inhibits adipo-
genesis (66) but NKX1-2 is proadipogenic, Wnt induction of
Nkx1-2 mRNA would seem counterintuitive in adipogenic
model systems. To evaluate whether the canonical Wnt path-
way induces Nkx1-2 mRNA expression in a preadipocyte cell
model, we treated primary mesenchymal stem cells isolated
from mouse ears with recombinant mouse Wnt3a (Fig. 8).
Expression of Axin2, a known canonical Wnt target, was
induced ~100-fold at 4 h, whereas Nkx1-2 expression
remained unchanged. At 24 h of Wnt3a treatment, Axin2
expression returned to baseline, and Nkx1-2 mRNA levels were
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slightly repressed. These data indicate that canonical Wnt sig-
naling does not induce Nkx1-2 expression in EMSCs. Although
the mechanism of the slight repression of Nkx1-2 expression
with 24 h of exposure to Wnt3a is unknown and may be indi-
rect, this repression is consistent with the fact that Wnt3a is
antiadipogenic and Nkx1-2 is proadipogenic.

Discussion

Adipogenic differentiation of 3T3-L1 preadipocytes is
sequentially controlled by two waves of transcriptional net-
works (67), with cross-talk between TFs and activating histone
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Figure 5. NKX1-2 inhibits COUP-TF Il expression during adipocyte differentiation of ST2 cells. A, upper panel, RT-qPCR was performed to examine
endogenous COUP-TF Il mRNA expression in pMSCV-EV and pMSCV-Nkx1-2 ST2 cells during adipocyte differentiation following addition of the hormone
mixture MDI + Rosi at Day 0. Data were normalized to cyclophilin, and expression of COUP-TF Il at Day 0 in pMSCV-EV was set to 1. Data are given as the mean +
S.D. (error bars) of triplicate samples. Statistical significance versus empty vector was evaluated at each time point with the Student’s t test: **, p < 0.01 and ***,
p < 0.001.Theresults are representative of three independent experiments. A, lower panel,immunoblotting (/B) was performed for COUP-TF Il protein from cell
lysates harvested as described in the upper panel. B-Actin served as a loading control. B, upper panel, RT-gPCR was performed to examine endogenous COUP-TF
Il mRNA expression in shControl and shNkx1-2-2 3T3-L1 cells during adipocyte differentiation after addition of the hormone mixture MDI. Data were normal-
ized to cyclophilin, and expression of COUP-TF Il at Day 0 in shControl was set to 1. Data are given as the mean = S.D. (error bars) of triplicate samples. Statistical
significance versus shControl was evaluated at each time point with the Student’s t test: **, p < 0.01 and ***, p < 0.001. The results are representative of three
independent experiments. B, lower panel,immunoblotting was performed for COUP-TF Il protein from cell lysates harvested as described in the upper panel.
B-Actin served as a loading control. C-E, as indicated in Fig. 2, shControl (here defined as shControl 1) and shNkx1-2 3T3-L1 preadipocytes were further infected
with either shControl (defined as shControl 2) or shCOUP-TF Il expression vectors followed by adipocyte differentiation induced by MDI (as described in Fig. 2)
up to Day 8. C, cells were stained with ORO to assess neutral lipid accumulation. All panels are the same magnification; a 100-um scale bar is shown in the lower
right panel. D, upper panel, RT-gPCR was performed to examine endogenous COUP-TF Il mRNA expression. Lower panel,immunoblotting was performed using
the antibodies indicated. E, RT-gPCR was performed to examine adipocyte gene expression. For D and E, data were normalized to cyclophilin, and expression
of COUP-TF I, PPARYy, FABP4, or C/EBPa p30 in double shControls was set to 1. Data are given as the mean = S.D. (error bars) of triplicate samples. Statistical
significance versus double shControl was evaluated at each time point with the Student’s t test: **, p < 0.01 and ***, p < 0.001. The results are representative
of three independent experiments.

marks (8). Upon exposure to an adipogenic mixture, the first
wave of TFs includes C/EBP/8, glucocorticoid receptor, and
STAT5A. These factors then activate a second wave of TFs,
including PPARy and C/EBPaq, that play the most prominent
roles in terminal adipocyte differentiation. However, additional
TFs are involved, and it is likely that others have yet to be dis-
covered. In the present study, we found that NKX1-2 is induced
during 3T3-L1 adipogenesis, whereas other NKX family mem-
bers are not induced (Fig. 1). NKX1-2 has not been associated
previously with adipose biology. Importantly, depletion of
NKX1-2 by shRNAs in 3T3-L1 preadipocytes and mouse
EMSCs inhibits their differentiation into mature adipocytes, as
assessed both by decreased neutral lipid accumulation and
decreased expression of mature adipocyte marker genes (Figs. 2
and 3). Reciprocally, ectopic expression of NKX1-2 in ST2 mes-
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enchymal precursor cells promotes their adipogenic differenti-
ation, again assessed both by lipid accumulation and marker
gene expression (Fig. 4). These effects require that the NKX1-2
homeodomain (DNA-binding domain) be intact (Fig. 6), sug-
gesting that NKX1-2 acts via direct interaction with its target
DNA. Interestingly, ectopic expression of NKX1-2 up-regu-
lates expression of the p42 isoform of C/EBPa protein but
decreases the p30 isoform (Figs. 4 and 6). These isoforms are
derived from alternative translation start sites (58, 68), suggest-
ing that NKX1-2 may regulate alternative translation to favor
the p42 isoform (in addition to inducing expression of the
C/EBPa mRNA). Previous reports showed that p42 C/EBPq,
but not p30, has antimitotic activity and that p42 is sufficient to
trigger the differentiation program of 3T3-L1 preadipocytes
(57, 58). Therefore, our data suggest that selective induction of
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Figure 6. The DNA-binding HD of NKX1-2 is required to promote adipocyte differentiation. A, schematic presentation of the full-length NKX1-2 and its HD
deletion mutant NKX1-2HDD. B, immunoblot using NKX1-2 antibody to confirm the overexpression of pMSCV-Nkx1-2 full-length protein and pMSCV-Nkx1-
2HDD protein. N.S., nonspecific band served as a loading control. C, pMSCV-EV, pMSCV-Nkx1-2, or pMSCV-Nkx1-2HDD ST2 cells were induced to differentiate
to adipocytes by the hormone mixture MDI + Rosi. Cells were stained with Oil Red O to assess neutral lipid accumulation at the time points indicated (hormone
mixture was added at Day 0). All panels are the same magnification; a 100-um scale bar is shown in the lower right panel. D, during adipocyte differentiation of
PMSCV-EV, pMSCV-Nkx1-2, or pMSCV-Nkx1-2HDD ST2 cells with MDI + Rosi, RNA was harvested at the time points indicated, and the mRNA expression of PPARYy,
C/EBPq, Fabp4, COUP-TF II, and Runx2 was analyzed by RT-qPCR. Data were normalized to cyclophilin, and expression of each gene at Day 0 in pMSCV-EV was set to
1; note that Fabp4 expression is on a log scale. Data are given as the mean = S.D. (error bars) of triplicate samples. Statistical significance was evaluated with an ANOVA

followed by Dunnett’s test compared with expression level of empty vector (EV)
representative of three independent experiments. £, immunoblotting (/B) for adi
performed on lysates harvested at the indicated time points of differentiation with

the p42 C/EBPa isoform by NKX1-2 may be an important com-
ponent of its proadipogenic action. However, depletion of
NKX1-2 by shRNAs in 3T3-L1 preadipocytes decreases the
expression of both the p42 and p30 isoforms of C/EBP«
(Figs. 2 and S2), suggesting that the ability of NKX1-2 to
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as control at each time point: **, p < 0.01 and ***, p < 0.001. The results are
pocyte marker proteins PPARy, C/EBP«, and FABP4 as well as COUP-TF Il was
MDI + Rosi. B-Actin served as a loading control.

regulate the alternative translation of C/EBPa may be dose-
or cell type—dependent.

Because PPARYy and C/EBP« are master proadipogenic TFs
(9, 67, 69-74), regulation of their expression is a potentially
powerful mechanism to regulate adipocyte differentiation. As
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Figure 7. Stable NKX1-2 overexpression inhibits ST2 cell osteoblastogenesis. ST2 cells overexpressing NKX1-2 or empty vector control ST2 cells were
differentiated for 18 days to promote osteoblastogenesis. A, matrix mineralization was stained using Alizarin Red. B, mRNA expression of osteogenic genes
osterix, alkaline phosphatase (Alpl), osteocalcin (Ocn), tyrosine-rich amelogenin peptide (Trap), receptor activator of NF-«B ligand (Rankl), Twist Family BHLH
Transcription Factor 1 (Twist1), and RUNX Family Transcription Factor 2 (Runx2) was analyzed by RT-qPCR. Transcripts were normalized to the geometric mean
of TATA-binding protein, hypoxanthine-guanine phosphoribosyltransferase, ribosomal protein L32, and 18S rRNA and are presented as mean = S.D. (error
bars) from six individual wells from one differentiation experiment. Two additional differentiation experiments demonstrated similar results in osteoblast
marker expression and Alizarin Red staining. Statistical analysis was performed using a Student’s t test: *, p < 0.05 and ***, p < 0.001.
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Figure 8. Activation of the canonical Wnt pathway does not induce
Nkx1-2 mRNA expression. Confluent EMSCs were treated with 10 ng/ml
recombinant mouse Wnt3a for 0, 4, or 24 h before harvest and RNA isolation
(n = 6 wells/group). mRNA expression of Axin2, a known canonical Wnt tar-
get, and Nkx1-2 was evaluated by RT-gPCR. Data were normalized to cyclo-
philin, and the expression of each gene at 0 h of Wnt3a treatment was set at 1.
Data are given as the mean = S.D. (error bars). Statistical significance was
evaluated with an ANOVA followed by Dunnett’s test compared with the
expression level at 0 h of Wnt3a treatment: *, p < 0.05 and ***, p < 0.001.

such, the antiadipogenic effect of COUP-TF II has been shown
to be either downstream of Wnt/B-catenin via recruitment of
the SMRT corepressor complex to the Pparg gene (55) or
downstream of hedgehog signaling by association with GATA2
to repress the Cepba gene (56). Our data indicate that NKX1-2,
which itself is a transcriptional repressor (40), negatively regu-
lates the expression of COUP-TF II (Fig. 5), suggesting that the
proadipogenic action of NKX1-2 is mediated at least in part by
this mechanism. Interestingly, overexpression of NKX1-2 in
ST2 cells only represses COUP-TF II expression after addition
of the differentiation mixture; it does not affect the basal level of
COUP-TF II at Day O (Figs. 5 and 6). However, overexpression
of NKX1-2 does cause a small increase in the basal levels of
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PPARYy and C/EBPa at Day 0 before addition of the differenti-
ation mixture, suggesting that the mechanisms by which
NKX1-2 up-regulates PPARy and C/EBP« at Day 0 and during
the differentiation may differ.

Bone marrow mesenchymal stromal cells can differentiate
into adipocytes or osteoblasts, and, over time, excess differen-
tiation toward adipocytes can lead to osteoporosis (75, 76). ST2
cells, which are a murine bone marrow— derived mesenchymal
stromal cell line, also can differentiate along adipocyte or osteo-
blast lineages when cultured with appropriate mixtures (64, 65).
Our data indicate that, in addition to enhancing ST2 cell differ-
entiation in response to an adipogenic mixture, NKX1-2 inhib-
its ST2 cell differentiation in response to an osteoblastogenic
mixture (Fig. 7). This suggests that NKX2-1 may play a role in
the cell fate determination of bone marrow mesenchymal stro-
mal cells and hence may play a role in the development of
osteoporosis.

The molecular mechanisms underlying how NKX1-2 regu-
lates differentiation toward adipocytes and away from osteo-
blasts remain to be fully defined. Fig. 9 presents a model based
upon the current data, taking into account that NKX1-2 is a
direct transcriptional repressor (40) and that the regulatory
effects described here are lost upon deletion of the home-
odomain. In this model, NKX1-2 is proadipogenic because it
represses expression of COUP-TF II, which otherwise
represses PPARy and C/EBPa. The model shows that other,
currently unknown mechanisms also may contribute to the
proadipogenic effect. We initially hypothesized that NKX1-2
is antiosteoblastogenic due to repression of Runx2, a critical
proosteoblastogenic factor. However, we found no evidence
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Figure 9. Model of NKX1-2 regulation of adipogenic and osteoblasto-
genic differentiation. NKX1-2 binds to target DNA via its homeodomain and
functions as a transcriptional repressor. In a precursor cell (not shown), to
promote adipogenesis it represses expression of COUP-TF I, which would
otherwise repress the expression of the key proadipogenic transcription fac-
tors PPARy and C/EBPa. Other mechanisms also may be involved, as indi-
cated by the dashed arrow. The target of NKX1-2 that leads to repression of
osteoblastogenesis is unknown, signified by a question mark. The adipocyte
schematic shows stored lipid (yellow) and an eccentric nucleus (black). The
osteoblast schematic shows a centrally located nucleus (black). aa, amino
acids.

for NKX1-2-mediated repression of Runx2 during osteo-
blastogenic differentiation. Therefore, the model shows this
mechanism as being unknown. In addition to exploring this
model in depth, future studies should address the expression
and role of NKX1-2 in vivo, both in normal human physiology
and in pathological states such as osteoporosis.

Experimental procedures
Cell culture, staining, and reagents

Mouse 3T3-L1 preadipocytes and human embryonic kidney
293T cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% calf serum and penicillin-
streptomycin at 37 °C in 10% CO,. Mouse marrow-derived ST2
cells were incubated at 37 °C in 5% CO, in a-minimal essential
medium supplemented with 10% FBS and penicillin-strepto-
mycin. Induction of 3T3-L1 or ST2 cell differentiation was
achieved by treatment of 2-day postconfluent cells (Day 0) in
media supplemented with 10% FBS and a hormone mixture
containing 3-isobutyl-1-methylxanthine (0.5 mm), dexametha-
sone (1 uMm), and insulin (0.167 um), denoted MDI. On Day 2,
the cells were treated again with 0.167 um insulin and subse-
quently were refed with growth medium containing 10% FBS
every 2 days. In some studies, pioglitazone or rosiglitazone (50
mM in DMSQO) was added to the hormone mixture to achieve a
final media concentration of 5 um (MDIP or MDIR). EMSCs,
isolated from C57BL/6] mice as described previously (77, 78),
were maintained in 5% CO, and Dulbecco’s modified Eagle’s
medium/F-12 (1:1) media supplemented with 15% FBS and 10
ng/ml recombinant bFGF (PeproTech). To induce adipocyte
differentiation, the media supplements were changed to 15%
FBS and MDI without bFGF. Lipid accumulation in adipocytes
was visualized by staining with ORO. Briefly, differentiated adi-
pocytes were washed with phosphate-buffered saline (PBS) and
fixed with 10% formaldehyde in PBS for 4 min. After two
washes with water, cells were stained for 1-2 h with ORO work-
ing solution (0.3% (w/v) in 60% isopropanol). To induce osteo-
blastogenesis, ST2 cells were grown to confluence and fed with
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osteogenic medium (ST2 medium supplemented with 10 mm
B-glycerophosphate, 25 ug/ml ascorbic acid 2-phosphate, and
3 um CHIR99021) (Stemgent) from Day 0 to Day 6 of differen-
tiation. For Days 7-18 of differentiation, ST2 cells were cul-
tured in the osteogenic medium in the absence of CHIR99021
(79) as described previously (80). Cells were fed with fresh
osteogenic medium every 2 days thereafter. The degree of min-
eralization in osteoblasts was determined with 2% Alizarin Red
staining at Day 18 postdifferentiation as described previously
(80). The stain was aspirated, and cells were washed at least
twice with water and photographed. To evaluate whether the
Wnt pathway induces NKX1-2 expression, confluent EMSCs
were treated with 10 ng/ml recombinant mouse Wnt3a (R&D
Systems, Minneapolis, MN) for 0, 4, or 24 h. After the respective
treatment period, cells were lysed in 1 ml of RNA Stat-60 (Tel
Test, Alvin, TX) for RNA extraction and downstream qPCR
analysis.

Antibodies against the following proteins were obtained as indi-
cated: PPARy (H-100, sc-7196), C/EBP« (14AA, sc-61), GAPDH
(6C5, sc-32233), and NKX2-1/TTF-1 (H190, sc-13040) from
Santa Cruz Biotechnology; FABP4 (catalog number MAB1443)
from R&D Systems, Inc.; NKX1-2 (ab105940) from Abcam; 3-ac-
tin (catalog number 4967), COUP-TF II (catalog number 6434),
and HA-Tag (C29F4, catalog number 3724) from Cell Signaling
Technology.

Plasmids, transfection, retroviral infection, and reporter gene
assays

The retroviral expression vector pMSCV-HA-TTEF-1 (denoted
as pMSCV-TTE-1) was described previously (54). The mouse
NKX1-2 expression vector in pEF/nuc/myc (pEF-Nkx1-2-Myc)
was kindly provided by Y. Marikawa (University of Hawaii,
Honolulu, HI). To create the retroviral expression vector
pMSCV-Nkx1-2-Myc, the PCR product of Nkx1-2 cDNA with
EcoRI and BgllI overhangs was purified and ligated to pMSCV
(80) that had been digested with EcoRI and BglIIL. To construct
pMSCV-Nkx1-2 with its HD deleted (pMSCV-Nkx1-2HDD),
inverse PCR was used to delete NKX1-2 amino acids 131-218.
For retroviral infection, 293T cells were transfected by calcium
phosphate coprecipitation with pMSCV-EV, pMSCV-
TTE-1, pMSCV-Nkx1-2, or pMSCV-Nkx1-2HDD retroviral
expression vectors and viral packing vectors as described pre-
viously (81). The virus-containing media were collected and
applied to subconfluent 3T3-L1 or ST2 cells followed by 2
pg/ml puromycin selection 72 h postinfection.

shRNA knockdown of NKX1-2 and COUP-TF Il

Knockdown of NKX1-2 in mouse 3T3-L1 cells and EMSCs
was performed by infection with a lentivirus expressing either
of two shRNAs targeting exonl or -2 of Nkx1-2 or an shControl.
Two different Mission lentivirus-based plasmids of shRNAs (clone
numbers TRCN00000084835 and TRCN00000084836) against
mouse Nkx1-2 and the shControl vector TRC2 pLKO.5-puro
nonmammalian shRNA (SHC202) were obtained from Sigma-
Aldrich. 293T cells were cotransfected with the shRNA and
packaging plasmids psPAX2 and pMD2 by the calcium phos-
phate method to produce the lentivirus as described previously
(81). To knock down COUP-TF Il in shControl (shControl 1) or
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shNkx1-2 3T3-L1 preadipocytes, shControl 2 (non-mamma-
lian shRNA in pLKO.1-CMV-neo) or shCOUP-TF II
(TRCN0000026167 in pLKO.1-CMV-neo), both obtained from
Sigma-Aldrich, was cotransfected with packaging plasmids in
293T cells as described above, and the resulting lentivirus was
used to infect shControl (shControl 1) and shNkx1-2 3T3-L1
preadipocytes, respectively.

Cell lysis and immunoblotting

Cells were lysed in buffer containing 40 mm HEPES (pH 8.0),
120 mm sodium chloride, 10 mm sodium pyrophosphate, 10 mm
sodium glycerophosphate, 1 mm EDTA, 50 mM sodium fluo-
ride, 0.5 mM sodium orthovanadate, 1% Triton X-100, and pro-
tease inhibitor mixture tablets (catalog number 11836170001,
Roche Applied Science). Cell lysates were gently resuspended
and incubated at 4 °C with gentle rocking for 40 min to 1 h
followed by microcentrifugation for 10 min at 4 °C. The superna-
tants were transferred to new tubes, and protein concentrations
were determined. Proteins were separated by SDS-PAGE and
transferred onto polyvinylidene difluoride membranes, and
immunoblotting was performed using the antibodies described
above. The primary and secondary antibodies were diluted with
Signal Enhancer HIKAR Solution 1 and Solution 2, respectively, as
described previously (54). Detection by enhanced chemilumines-
cence was with a SuperSignal West Dura kit (Thermo Fisher Sci-
entific) and a Bio-Rad Fluor-S Max Multilmager.

RNA isolation and RT-qPCR

Total RNA was isolated with an RNeasy Mini kit (Qiagen,
catalog number 74104) according to the manufacturer’s
instructions. Four micrograms of total RNA were reverse tran-
scribed in 20-ul total volume using the SuperScript III First
Strand Synthesis System (catalog number 18080051, Thermo
Scientific), and real-time qPCR was performed on the cDNA
from 30 ng of RNA on a StepOnePlus Real-Time PCR System
(Applied Biosystems) as described previously (81). Primer
sequences used for qPCR are provided in Table S1.

Statistical analysis

Results are presented as the mean = S.D. When comparing
two groups, significance was determined using Student’s ¢ test.
When multiple experimental groups were compared with a sin-
gle control group, an analysis of variance (ANOVA) was fol-
lowed by Dunnett’s test. Significance is indicated as p < 0.05 (*),
p < 0.01 (**), and p < 0.001 (***).
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