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Mesenchymal stem cells (MSCs) can give rise to both adipocytes and osteoblasts, but the molecular mechanisms
underlying MSC fate determination remain poorly understood. IkB kinase B (IKKB), a central coordinator of inflammation
and immune responses through activation of NF-kB, has been implicated as a critical molecular link between obesity and
metabolic disorders. Here, we show that IKK[B can reciprocally regulate adipocyte and osteoblast differentiation of murine
and human MSCs through an NF-kB—independent mechanism. IKKp is a B-catenin kinase that phosphorylates the
conserved degron motif of B-catenin to prime it for B-TrCP—mediated ubiquitination and degradation, thereby increasing
adipogenesis and inhibiting osteogenesis in MSCs. Animal studies demonstrated that deficiency of IKKB in BM
mesenchymal stromal cells increased bone mass and decreased BM adipocyte formation in adult mice. In humans, IKKB
expression in adipose tissue was also positively associated with increased adiposity and elevated B-catenin
phosphorylation. These findings suggest IKKB as a key molecular switch that regulates MSC fate, and they provide
potentially novel mechanistic insights into the understanding of the cross-regulation between the evolutionarily conserved
IKKB and Wnt/B-catenin signaling pathways. The IKKB-Wnt axis we uncovered may also have important implications for
development, homeostasis, and disease pathogenesis.
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Mesenchymal stem cells (MSCs) can give rise to both adipocytes and osteoblasts, but the
molecular mechanisms underlying MSC fate determination remain poorly understood. IxB kinase
B (IKKB), a central coordinator of inflammation and immune responses through activation of
NF-xB, has been implicated as a critical molecular link between obesity and metabolic disorders.
Here, we show that IKKp can reciprocally regulate adipocyte and osteoblast differentiation of
murine and human MSCs through an NF-kB-independent mechanism. IKK is a f-catenin kinase
that phosphorylates the conserved degron motif of B-catenin to prime it for §-TrCP-mediated
ubiquitination and degradation, thereby increasing adipogenesis and inhibiting osteogenesis in
MSCs. Animal studies demonstrated that deficiency of IKKp in BM mesenchymal stromal cells
increased bone mass and decreased BM adipocyte formation in adult mice. In humans, IKKB
expression in adipose tissue was also positively associated with increased adiposity and elevated
B-catenin phosphorylation. These findings suggest IKKp as a key molecular switch that regulates
MSC fate, and they provide potentially novel mechanistic insights into the understanding of

the cross-regulation between the evolutionarily conserved IKKp and Wnt/p-catenin signaling
pathways. The IKKB-Wnt axis we uncovered may also have important implications for
development, homeostasis, and disease pathogenesis.

Introduction

Obesity and obesity-associated metabolic disorders such as insulin resistance and type 2 diabetes are rapid-
ly growing public health epidemics, and there is an urgent need to understand the molecular mechanisms
underlying these chronic diseases. The expansion of adipose tissue during obesity is through adipocyte
hypertrophy and hyperplasia, and adipocyte number can be a major determinant of fat mass in adults (1,
2). Adipose tissue contains abundant adult mesenchymal stem cells (MSCs) that are capable of differentiat-
ing into many cell types, including adipocytes, osteoblasts, chondrocytes, and myoblasts, but little is known
about the initial signals that trigger the commitment of MSCs to different lineages.

Chronic low-grade inflammation elicited by obesity has been established as a major contributor to
the development of type 2 diabetes and atherosclerosis (3, 4). Many inflammatory pathways that con-
tribute to these pathogeneses are regulated by the transcriptional factor NF-kB, a master regulator of
the innate and adaptive immune responses (5-7). NF-kB can be rapidly activated in response to various
stimuli, including cytokines, infectious agents, ROS, and many free fatty acids (FFAs) (5, 6, 8). In non-
stimulated cells, NF-kB dimers are sequestered in the cytoplasm by binding to specific inhibitory proteins
— the inhibitors of NF-kB (IkBs). Activation of IkB kinase (IKK), which is composed of 2 catalytic
subunits (IKKo and IKKf) and a regulatory subunit (IKKy/NEMO), leads to phosphorylation and ubig-
uitination of IxB, allowing NF-«B to translocate to the nucleus and regulate the expression of its target
genes (7, 9). IKK is the predominant catalytic subunit of the IKK complex and is required for activation
of NF-«B by inflammatory mediators in the canonical or classical activation pathway (5, 7).

It has been demonstrated that high-fat (HF) feeding or overnutrition can lead to activation of
IKKp in many tissues, including liver, adipose tissue, and brain, which contribute to the development
of metabolic disorders (10-16). Thus, IKK( has been implicated as a key molecular link between
obesity, inflammation, and metabolic disorders (6, 17). Very recently, we provided potentially novel
evidence that IKKp also functions in adipocyte precursor cells to promote adipocyte differentiation
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and white adipose tissue expansion in diet-induced obesity (7, 18). However, the role and underlying
mechanisms of IKK in mediating MSC commitment remain elusive.

In addition to increasing metabolic disorders, obesity can also affect bone homeostasis, leading to abnor-
mal bone density and decreased bone turnover (19-25). For example, studies have found that increased adiposi-
ty together with decreased lean mass was associated with lower BM density (BMD) in elderly obese adults (22).
Obese premenopausal women with high levels of visceral adipose tissue also had increased BM adipose tissue
that was inversely associated with BMD (23). Several other studies have also confirmed the inverse relationship
between BM adipose tissue and whole-body BMD (24, 25). However, the interface between fat and bone at the
molecular level is poorly understood. MSCs can give rise to both adipocytes and osteoblasts, and strong evi-
dence suggests a reciprocal relationship between adipocyte and osteoblast differentiation (19, 26, 27). However,
little is known about the initial signals triggering the commitment of MSCs to different lineages. Here, we show
that IKKp promotes adipogenesis but inhibits osteogenesis in murine and human MSCs through an NF-kB—
independent mechanism. IKKf is a B-catenin kinase that phosphorylates the degron motif of B-catenin to
prime it for B-TrCP-mediated ubiquitination and degradation, thereby regulating MSC fate. IKKf may serve
as a key molecular switch that triggers the adipogenic and osteogenic differentiation of MSCs.

Results
IKKp loss of function impairs adipogenesis but enhances osteogenesis in MSCs. To investigate the functions of
IKKB in lineage commitment, IKKf gene was deleted in murine C3H/10T1/2 MSCs (28, 29). CRISPR/
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CRISPR-associated protein 9-mediated (CRISPR/Cas9-mediated) IKKp deficiency (Figure 1A) inhibited
the differentiation of C3H/10T1/2 MSCs into adipocytes and suppressed the expression of adipogenic
genes and adipocyte markers including Zfp423, PPARYy, and adiponectin (Figure 1, B and C). Interestingly,
deletion of IKKf substantially enhanced osteogenesis of C3H/10T1/2 cells and the expression levels of
osteogenic markers including runt-related transcription factor 2 (Runx2), alkaline phosphatase (ALP), oste-
opontin (OPN), and osteocalcin (OC) were induced by IKKf deficiency (Figure 1, D and E). Consistent-
ly, siRNA-mediated temporary IKKf knockdown also resulted in decreased adipogenesis and enhanced
osteogenesis of C3H/10T1/2 cell (Supplemental Figure 1, A-E; supplemental material available online
with this article; https://doi.org/10.1172/jci.insight.96660DS1). Further, pharmacological inhibition of
IKKp by BMS-345541 (7, 30) sufficiently inhibited C3H/10T1/2 cells differentiating into adipocytes but
increased the osteogenic potential of these cells. (Figure 1, F-I).

We next sought to test whether IKKf can regulate adipogenesis and osteogenesis in primary cells.
Mouse embryonic fibroblasts (MEFs) have been established as a model to study adipogenesis and osteogen-
esis in vitro. MEFs were isolated from mice containing loxP-flanked IKKp alleles (IKKpB'F) mice (7, 18,
31) and were infected with lentivirus expressing Cre, which effectively decreased IKKf expression (Figure
2A). As anticipated, knockdown of IKK inhibited MEFs differentiating into adipocytes and reduced adi-
pogenic gene expression (Figure 2, B and C). By contrast, IKK-deficient MEF's had increased osteogenic
potential as compared with control MEFs (Figure 2, D and E). In addition to MEFs, Cre-mediated IKKf
deletion also resulted in decreased adipogenesis and enhanced osteogenesis in mouse BM-derived MSCs
(BMMSCs) (Supplemental Figure 1, F-J). Collectively, deficiency or pharmacological inhibition of IKKf{
inhibits adipogenesis but increases osteogenesis of MSCs.

IKKJ gain of function increases adipogenesis and inhibits osteogenesis in MSCs. To test whether ectopic expres-
sion of IKKf can render MSCs competent to undergo adipocyte or osteoblast differentiation, C3H/10T1/2
MSCs were infected by adenovirus expressing WT IKKf or a kinase-inactive mutant of IKKf with lysine
44 mutated to methionine (IKKf KM) (15) (Figure 3A). While IKK KM expression inhibited adipogen-
esis and increased osteogenesis of C3H/10T1/2 cells, overexpression of WT IKKp enhanced adipocyte
differentiation and blocked osteogenic differentiation from C3H/10T1/2 cells (Figure 3, B-E).

Many FFAs have been known to activate IKKf and to induce cellular inflammation (15, 32, 33).
Interestingly, treatment with a mixture of FFAs containing myristic, lauric, arachidonic, oleic, and
linoleic acids that are known to activate IKKf (Figure 4A) (15, 32, 34) promoted MSCs differentiating
into adipocytes but inhibited osteogenesis of these cells (Figure 4, B-E). However, deficiency of IKKf
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Figure 3. Overexpression of IKKf} promotes adipogenesis and decreases osteogenesis of murine MSCs. C3H/10T1/2 cells were infected with control
virus or virus expressing WT IKKB or IKKB KM. (A) Immunoblotting for IKKB and phosphorylated IxBa proteins. (B and C) Oil Red O staining (B) and
gPCR analysis (C) of C3H/10T1/2 cells induced by an adipogenic cocktail (n = 3). (D and E) ALP staining (D) and gPCR analysis (E) of C3H/10T1/2 cells
induced by an osteogenic cocktail (n = 6). Scale bar: 100 um. Error bars represent + SEM. Significance was determined by 1-way ANOVA (C and E).*P <

0.05; **P < 0.01, ***P < 0.001.

abolished the impact of FFAs on adipogenesis and osteogenesis in MSCs (Figure 4, F-I), demonstrat-
ing that FFAs regulate MSC lineage commitment through IKKp signaling. These results suggest that
overnutrition-elicited IKKp activation might be an important trigger to mediate the commitment of
MSC:s to the adipocyte lineage.

IKKp regulates B-catenin ubiquitination in MSCs. We previously demonstrated that canonical
Wnt/B-catenin signaling was activated in IKKp-deficient adipocyte precursor cells (7, 18), likely con-
tributing to decreased adipogenesis in those cells since canonical Wnt/B-catenin signaling inhibits
adipogenesis (35, 36). On the other hand, Wnt/B-catenin signaling can stimulate MSC-derived osteo-
genesis (36-38). Indeed, activation of canonical Wnt signaling by Wnt3a or lithium chloride (LiCl)
treatment resulted in decreased adipogenesis but increased osteogenesis of C3H/10T1/2 MSCs (Sup-
plemental Figure 2, A-D). The activity of B-catenin is mostly controlled by its ubiquitination and
proteasome-mediated degradation. We then used a proteasome inhibitor, PS-341, to confirm that both
Wnt3a and LiCl inhibited B-catenin ubiquitination (Supplemental Figure 2E), leading to accumulation
of nuclear B-catenin proteins (Supplemental Figure 2F). By contrast, CRISPR/Cas9-mediated f-cat-
enin deletion enhanced adipogenesis but inhibited osteogenesis in C3H/10T1/2 cells (Supplemental
Figure 2, G-K). To determine whether IKKp regulates MSC differentiation through Wnt/B-catenin
signaling, control or B-catenin—deficient C3H/10T1/2 cells were infected by adenovirus expressing
IKKp. Indeed, deficiency of B-catenin diminished the impact of IKKp expression on adipogenesis
and osteogenesis in C3H/10T1/2 cells (Figure 5, A-E), suggesting that Wnt/f-catenin signaling is
required for mediating the effects of IKKp signaling on MSC differentiation.

We next determined whether IKKf can regulate f-catenin ubiquitination in C3H/10T1/2 MSCs.
Deficiency of IKKf in C3H/10T1/2 cells inhibited proteasome-mediated B-catenin ubiquitination
(Figure 6A), leading to elevated nuclear fB-catenin protein levels (Figure 6B) and increased B-catenin
activity (Figure 6C). Further, BMS-345541-mediated inhibition of IKKp also resulted in decreased
B-catenin ubiquitination (Figure 6D) and increased nuclear B-catenin proteins (Figure 6E). While
overexpression of WT IKKp increased B-catenin ubiquitination and diminished nuclear B-catenin
protein levels in C3H/10T1/2 cells, overexpression of IKKB KM decreased B-catenin ubiquitination
and increased nuclear B-catenin proteins in those cells (Figure 6, F and G). Interestingly, FFAs sub-
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Figure 4. FFAs regulate adipogenesis and osteogenesis of MSCs through IKKp signaling. (A) Immunoblotting for phosphor-
ylated and total IKKB and IkBo proteins of C3H/10T1/2 cells treated with vehicle or 0.5 mM FFAs. (B and C) Oil Red O staining
(B) and gPCR analysis (C) of control or FFA-treated C3H/10T1/2 cells induced by an adipogenic cocktail (n = 3). Scale bar: 100
um. (D and E) ALP staining (D) and gPCR analysis (E) of control or FFA-treated C3H/10T1/2 cells induced by an osteogenic
cocktail (n = 3). Scale bar: 100 pm. (F and G) Oil Red O staining (F) and qPCR analysis (G) of vehicle or FFA-treated control or
IKKB-deficient C3H/10T1/2 cells induced by an adipogenic cocktail (n = 3). Scale bar: 100 pm. (H and I) ALP staining (H) and
gPCR analysis (1) of vehicle or FFA-treated control or IKKB-deficient C3H/10T1/2 cells induced by an osteogenic cocktail (n =
3). Scale bar: 100 um. Error bars represent + SEM. Significance was determined by Student’s t test (C and E) or 2-way ANOVA
(Gandl). *P < 0.05; **P < 0.01, ***P < 0.001.
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Figure 5. Deficiency of B-catenin abolishes the impact of IKKf} expression on adipogenesis and osteogenesis of MSCs. (A) Immunoblotting for f-catenin
and IKKB proteins in control or B-catenin-deficient C3H/10T1/2 cells infected with control or WT IKK virus. (B and C) Oil Red O staining (B) and gPCR anal-
ysis (C) of control and B-catenin-deficient C3H/10T1/2 cells induced by an adipogenic cocktails (n = 3). Scale bar: 100 um. (D and E) ALP staining (D) and
gPCR analysis (E) of control and B-catenin-deficient C3H/10T1/2 cells induced by an osteogenic cocktails (n = 3). Scale bar: 100 um. Error bars represent +

SEM. Significance was determined
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by 2-way ANOVA (C and E). **P < 0.01, ***P < 0.001.

stantially increased B-catenin ubiquitination (Figure 6H) and decreased nuclear B-catenin proteins in
MSCs (Figure 6I). Moreover, deficiency of IKKp blocked FFA-induced B-catenin ubiquitination (Fig-
ure 6J), which also explains the abolished effects of FFAs on MSC differentiation in IKKf-deficient
C3H/10T1/2 cells (Figure 4, E-H).

IKKP is a f-catenin kinase that phosphorylates the serine-33,-37, and -45 of f-catenin. In addition to NF-kB—depen-
dent functions, IKK also plays key roles in regulating many physiological functions including immunity and
cancer through NF-kB-independent pathways by phosphorylating other key proteins (34, 39, 40). Phosphory-
lation of several critical B-catenin amino acid residues including serine-33 (ser33), ser37, and serd5 by glycogen
synthase kinase 33 (GSK3p) and priming kinase casein kinase Ia (CKIa) is essential for ubiquitin ligase—-medi-
ated ubiquitination and degradation of B-catenin (41—43). Interestingly, ser33 and ser37 of B-catenin are located
within a conserved 6-amino acid sequence that is also found in IKKf substrates of the IkB family (Figure 7A).
Thus, we hypothesized that IKKf can directly phosphorylate -catenin to prime it for ubiquitination and prote-
asome-mediated degradation. We first determined whether IKKf can directly interact with B-catenin. FLAG-
tagged IKKf and HA-tagged B-catenin proteins were expressed in both C3H/10T1/2 and HEK239T cells, and
coimmunoprecipitation assays demonstrated a direct interaction between IKKf and f-catenin proteins in both
cell lines (Figure 7B). We also performed coimmunoprecipitation assays to detect the interaction between endog-
enous IKKf and B-catenin proteins in C3H/10T1/2 cells. While there is a weak or undetectable interaction
between endogenous IKKf and B-catenin proteins under the basal condition, IKKf stimuli such as FFAs and
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Figure 6. IKKB regulates B-catenin ubiquitination in MSCs. (A) Control or IKKB-deficient C3H/10T1/2 cells were treated with vehicle or 100 nM PS-341.
B-Catenin proteins were immunoprecipitated with anti-f-catenin antibodies and then probed with anti-ubiquitin antibodies. The whole cell lysates were
probed with anti-B-catenin antibodies as an internal control. (B and C) Immunoblotting for nuclear B-catenin proteins (B) and B-catenin reporter activity
(€) in control or IKKB-deficient C3H/10T1/2 cells. (D and E) Immunoblotting for ubiquitinated B-catenin proteins (D) and nuclear B-catenin proteins (E) in
control or BMS-345541-treated C3H/10T1/2 cells. (F and G) Immunoblotting for ubiguitinated B-catenin proteins (F) and nuclear B-catenin proteins (G) in
C3H/10T1/2 cells infected with control, IKKB WT, or IKK KM virus. (H and I) Immunoblotting for ubiquitinated B-catenin levels (H) and nuclear f-catenin
proteins (1) in control or FFA-treated C3H/10T1/2 cells. (J) Immunoblotting for ubiquitinated B-catenin proteins in control or IKKB-deficient C3H/10T1/2
cells treated with vehicle or FFAs. Error bars represent + SEM. Significance was determined by Student’s t test (C). ***P < 0.001.

TNFa increased the IKKf—f-catenin protein interaction in these MSCs (Supplemental Figure 3A).

To determine whether IKKf can directly phosphorylate f-catenin, we performed in vitro kinase assays
using IKKp and purified GST—p-catenin fusion proteins (Supplemental Figure 3B) together with [**P]-la-
beled ATP. The results demonstrated that IKKf can indeed phosphorylate GST—f-catenin proteins (Figure
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Figure 7. IKKp interacts with B-catenin and phosphorylates it at serine-33, -37 and -45. (A) The sequence of a conserved 6-amino acid motif found in

B-catenin an

d IkB family members. (B) Immunoblotting for FLAG-tagged IKKB and HA-tagged B-catenin proteins after immunoprecipitation using control IgG

or antibodies against FLAG or HA proteins in C3H10T1/2 cells and HEK 293T cells. (C) In vitro phosphorylation of purified GST-B-catenin proteins by IKKp in
the presence of y-[?P]ATP. (D-F) GST-B-catenin proteins phosphorylated by IKKp in vitro were tryptic digested and analyzed by mass spectrometry. Figures

show the rec

overed phosphorylated 30-residue fragment of B-catenin (residues 20-49). Tandem mass spectrum of the recovered peptide phosphorylated at

serd5 residue (D). The peptides phosphorylated at ser33 and ser37 residues were coeluted. Color codes are used to mark fragment ions that allows distin-
guishing phosphorylation of ser33 (blue) and ser37 (red) (E). Tandem MS ion traces (10 ppm extraction) for the nonphosphorylated peptide, ser45- and ser33/
ser37-phosphorylated peptides, and AUCs shown in italics (F).
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7C), indicating IKKf is a B-catenin kinase. In addition to using IKKp proteins alone, we also used IKKf
antibodies to precipitate IKK protein complex in C3H/10T1/2 cells overexpressing IKKf. Immunoblot-
ting results confirmed that IKKa proteins were also present in the precipitated protein complex (Supple-
mental Figure 3C). In vitro kinase assays further demonstrated that the immunoprecipitated IKK protein
complex can also phosphorylate B-catenin proteins (Supplemental Figure 3D), which is consistent with
kinase assay results using IKKf proteins alone (Figure 7C).
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Figure 8. IKKB phosphorylates B-catenin to prime it for §-TrCP-mediated ubiquitination. (A) GST-B-catenin and indicated mutant proteins were
phosphorylated by IKKB in vitro and analyzed by immunoblotting using anti-phospho-ser33, -ser37 or -ser45 B-catenin antibodies. (B) Immunoblot-
ting for phosphorylated B-catenin proteins in C3H/10T1/2 cells infected with control, WT IKKp, and IKKB KM virus. (C) Immunoblotting for phosphor-
ylated B-catenin proteins in C3H/1071/2 cells treated with vehicle or FFAs. (D) Immunoblotting for phosphorylated B-catenin proteins in control or
IKKB-deficient C3H/10T1/2 cells treated with vehicle or LPS. (E) GST-B-catenin and indicated mutant proteins were phosphorylated by IKKB in vitro.
The reaction substrates were subjected for cell-free ubiquitination assays and analyzed by immunoblotting.
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To map the precise IKKf phosphorylation sites on p-catenin proteins, GST—f-catenin proteins from
the in vitro kinase reaction mixture were purified and analyzed by tandem mass spectrometry (MS/
MS). The peptide, containing B-catenin residues 20—49, was identified as phosphorylated, most promi-
nently at serine residues ser33, ser37, and serd5 (Figure 7, D-F). While multiple phosphorylation sites
were found to exist simultaneously, the majority of the measured phosphorylation signal (~80%) was
associated with phosphorylation of either ser33, ser37, or ser45. Phosphorylation signals of ser33,
ser37, and serd5 were also found to be similar (Figure 7F). To confirm the phosphorylation of these key
residues of B-catenin proteins by IKK [}, we mutated each serine residue identified above to alanine and
used the WT and mutated GST—B-catenin proteins for in vitro kinase assays. Three different antibodies
that specifically recognize B-catenin phosphorylated at ser33, ser37, or ser45 were then used to detect
the phosphorylated proteins. Immunoblotting analysis confirmed that IKKf can phosphorylate each of
the 3 serines independent of phosphorylation status of the others (Figure 8A). Further, overexpression
of WT IKKS, but not IKKB KM, increased the phosphorylation of B-catenin in C3H/10T1/2 MSCs
(Figure 8B), and treatment with FFAs that activate IKKf also stimulated f3-catenin phosphorylation in
MSCs (Figure 8C). In addition to FFAs, other known IKKf activators such as LPS can also increase
B-catenin phosphorylation in control C3H/10T1/2 cells but not in IKK-deficient cells (Figure 8D).
Further, IKKp inhibitor BMS-345541 efficiently blocked LPS-induced B-catenin phosphorylation (Sup-
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Figure 9. Prrx1Cre-mediated IKKp
deficiency decreases adipogenesis and
increases osteogenesis in BMMSCs. (A)
Immunoblotting for IKKp proteins in
BMMSCs of IKKBFF and Prrx1Cre*IKKB™/F
mice. (B-G) BMMSCs were isolated from
IKKFF and Prrx1Cre*IKKB™F mice. Oil Red
0 staining (B) and gPCR analysis (C) of
BMMSCs induced by an adipogenic cock-
tail (n = 3). ALP staining (D) and gPCR
analysis (E) of BMMSCs induced by an
osteogenic cocktail (n = 3). Immunoblot-
ting for ubiquitinated B-catenin (F) and
nuclear B-catenin proteins (G) of isolated
BMMSCs. Scale bar: 100 um. Error bars
represent + SEM. Significance was deter-
mined by Student’s t test (C and E). *P <
0.05; **P < 0.01.

plemental Figure 3E). Taken together, these studies demonstrated that IKKf is an important p-catenin
kinase that can directly phosphorylate 3 key serine residues, ser33, ser37, and ser45, of B-catenin.

IKKp-mediated phosphorylation of p-catenin increases its ubiquitination. Phosphorylated ser33 and ser37 of

f3-catenin can be recognized by B-TrCP, an E3 ubiquitin ligase component that plays an essential role in the
ubiquitination of B-catenin proteins (41, 43). We next examined whether IKKf-mediated f-catenin phos-
phorylation is sufficient for B-TrCP-mediated ubiquitination. GST—f-catenin proteins were first subjected

insight.jci.org  https://doi.org/10.1172/jci.insight.96660

10


https://doi.org/10.1172/jci.insight.96660
https://insight.jci.org/articles/view/96660#sd

. RESEARCH ARTICLE

to in vitro kinase assays with or without IKKf, and the reaction substrates were then collected for cell-free
ubiquitination assays in the absence or presence of B-TrCP proteins. While there were no ubiquitination
products in the absence of IKKf or B-TrCP, B-catenin phosphorylation by IKKf was sufficient to induce
the B-TrCP-medicated B-catenin ubiquitination (Supplemental Figure 3F). However, mutation of either
ser33 or ser37 substantially inhibited B-catenin ubiquitination by B-TrCP (Figure 8E). Mutation of ser45
did not affected B-catenin ubiquitination (Figure 8E), which is consistent with previous studies demon-
strating that ser45 phosphorylation is not recognized for f-TrCP binding but rather creates a priming site
for GSK-3p phosphorylating ser33 and ser37 (41, 42). Collectively, these results demonstrated that IKKf{
phosphorylates the degron motif of B-catenin to prime it for B-TrCP-mediated ubiquitination.

Deficiency of IKKP decreases adipogenesis and increases osteogenesis in BMMSCs, and increases bone mass in
vivo. To investigate the functions of IKKp signaling in vivo, we previously generated a mouse model that
lacks IKKp in adipose progenitors, and we demonstrated that deficiency of IKKf decreased adipogenesis
in vivo and protected mice from diet-induced obesity (18). However, it was not clear whether IKKf also
functions in BMMSCs to regulate bone homeostasis in vivo. To determine the impact of IKKf deficiency
on bone homeostasis, we then used a well-defined Prrx1-Cre mouse model that targets BM mesenchymal
stromal cells (27, 44) to generate a conditional IKKB-KO mouse model (Prrx1Cre*IKKB*/F) in which IKKf
is deleted in BMMSCs. Prrx1Cre*IKKB* mice were variable and had normal body weight, lean mass,
and fat mass at 20 weeks of age under standard laboratory conditions (Supplemental Figure 4, A and
B). We then measured the IKKp expression in BMMSCs of Prrx1Cre*IKKBHF and IKKB'F littermates,
and we confirmed that IKKf expression was indeed decreased in BMMSCs of Prrx1Cre*IKKBFF mice as
compared with IKKBFF mice (Figure 9A). Consistently, BMMSCs derived from Prrx1Cre*IKKB"F mice
had decreased adipogenesis but increased osteogenesis as compared with IKKB™F mice (Figure 9, B-E).
Further, Prrx1Cre-mediated IKKp deficiency also decreased f-catenin ubiquitination and induced nuclear
B-catenin accumulation in BMMSCs (Figure 9, F and G).

We next performed microCT analyses on the femurs of adult Prrx1Cre*IKKB™F and IKKBF lit-
termates. MicroCT analyses demonstrated that trabecular bone volume was significantly increased in
the femur metaphysis of Prrx1Cre*IKKpB™F mice as compared with control IKKB™F mice (Figure 10,
A and B). Prrx1Cre*IKKB"¥ mice also had significantly increased trabecular number, BMD, and thick-
ness (Figure 10, C-E), as well as decreased trabecular porosity and bone surface/bone volume (Figure
10, F and G). Trabecular spacing was also decreased but not significantly changed by IKKp deficiency
(Figure 10H). These results suggest increased trabecular bone formation and mass in Prrx1Cre*TKKB*
mice. Interestingly, deficiency of IKKf did not affect cortical bone volume, BMD, and porosity, and it
only increased cortical thickness as compared with the IKKB"F mice (Supplemental Figure 4, C-G),
indicating that IKKp acts locally to regulate bone mass. Consistent with the microCT results, histolog-
ical analysis and immunostaining for the adipocyte marker perilipin also demonstrated that deficiency
of IKKp significantly reduced adipocyte numbers in BM of Prrx1Cre*IKKB** mice (Figure 10, I-K).
Taken together, Prrx1Cre-mediated IKKf deficiency increased osteogenesis and inhibited adipogenesis
of BMMSCs and increased bone mass in vivo.

IKKp regulates adipogenesis and osteogenesis in human MSCs. To investigate the functions of IKKf in human
MSCs, we isolated human adipose stem cells from healthy subjects (34, 45). The cells were then infected with
adenovirus expressing IKKf WT or mutant IKKB KM (Figure 11A). As expected, overexpression of WT IKKf
or IKKB KM proteins in human adipose stem cells had similar effects on p-catenin phosphorylation and ubig-
uitination (Figure 11B), nuclear B-catenin protein levels (Figure 11C), adipogenesis, and osteogenesis (Figure 11,
D-G) as murine MSCs. Further, FFA-mediated IKKp activation also increased f-catenin phosphorylation and
ubiquitination (Figure 11, H and I), leading to increased adipogenic potential but reduced osteogenic potential
of adipose stem cells (Figure 11, J-M). In addition to human adipose stem cells, overexpression of WT IKKf or
IKKpB KM proteins (Supplemental Figure 5, A-F), pharmacological inhibition of IKKf (Supplemental Figure
6, A-E), or FFA treatment (Supplemental Figure 6, F-J) resulted in similar effects on p-catenin ubiquitination,
adipogenesis, and osteogenesis in human BMMSCs. Collectively, these results demonstrated the important role
of IKK in regulating adipogenesis and osteogenesis of human MSCs.

Elevated IKKp expression and increased f-catenin phosphorylation in adipose tissue of obese humans. To
further determine whether IKKf signaling is associated with increased adiposity or obesity in humans,
a cohort of nondiabetic human subjects with BMI ranged from 24-45 were recruited (Table 1 and Sup-
plemental Table 1), and IKKB mRNA expression was examined in abdominal s.c. adipose tissue. Inter-

insight.jci.org  https://doi.org/10.1172/jci.insight.96660 11


https://doi.org/10.1172/jci.insight.96660
https://insight.jci.org/articles/view/96660#sd
https://insight.jci.org/articles/view/96660#sd
https://insight.jci.org/articles/view/96660#sd
https://insight.jci.org/articles/view/96660#sd
https://insight.jci.org/articles/view/96660#sd
https://insight.jci.org/articles/view/96660#sd
https://insight.jci.org/articles/view/96660#sd
https://insight.jci.org/articles/view/96660#sd
https://insight.jci.org/articles/view/96660#sd

A

permm

IKKBF/F

Trabecular Number

*

1.0517

1.00

0.9549

Trabecular porosity

0.90

IKKBF/F

O kkp"F ® prxicre’ikkp"F
Prrx1Cre*IKKBFF B
_ Trabecular BV/TV
0.05
0.04 °
[ ]
0.03 1 -1
—_—
o JR
0.02 °
[ ]
0.01 ég
o
0.00 T T
D E
11007 Trabecular BMD Trabecular Thickness
0.10 7
"
°
1000 *% 0.08
g o
< ———— o] -
< 900 Y E _
T —_elg
o 0.0 0.04 .
E % [ ]
800 T?%
00 0.02 @)
700 T T 0.00 T T
G H
200+ Trabecular BS/BV 0.30- Trabecular Spacing
°
o 0.28
150
% [e) [ ]
€ 0.26
E 100+ o . E
: —s— ]
[ ]
B [ ]
50 hd 0.224
0 T T 0.20 T T
Prrx1Cre*IKKRFF
K 50050 KkKpFF
“e ® prxtcre’IKkp™'F
€
:150' *
2 o
€
5100
c
2
E %
50
.8— [e) [ ]
©
< —o—
0 T L 2

RESEARCH ARTICLE

Figure 10. Deficiency of IKKp in BMMSCs increases bone mass in vivo. (A) MicroCT reconstruction images of trabecular bone from the femur metaphysis

of 20-week-old IKKB"F and Prrx1Cre*IKKB™F littermate mice. Scale bar: 100 um. (B-H) MicroCT analyses of trabecular bone volume/total volume (BV/TV)
(B), number (C), BM density (BMD) (D), thickness (E), porosity (F), bone surface/bone volume (G), and spacing (H) in the femur metaphysis of IKKB*F and

Prrx1Cre*IKKB™F mice (n = 5). (1 and J) Representative H&E staining (1), IHC for perilipin (J), and quantification of perilipin-positive adipocytes (K) in femurs
(n =5). Scale bar: 500 um (I) or 100 pum (J). Error bars represent + SEM. Significance was determined by Student'’s t test (B-H, and K). *P < 0.05; **P < 0.01.
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Figure 11. IKKB regulates adipogenesis and osteogenesis of human MSCs. (A-C) Adipose stem cells were isolated from s.c. adipose tissue of heathy
human subjects. Immunoblotting for IKKB and phosphorylated B-catenin proteins (A), ubiquitinated B-catenin proteins (B), and nuclear f-catenin proteins
(€) in human adipose stem cells infected with control, WT IKKp, and IKKB KM virus. (D and E) Oil Red O staining (D) and gPCR analysis (E) of human

adipose stem cells
adipose stem cells
ubiquitinated B-ca
of control or FFA-t
gPCR analysis (M)

induced by an adipogenic cocktail (n = 3). Scale bar: 100 um. (F and G) Alizarin Red S staining (F) and gPCR analysis (G) of human
induced by an osteogenic cocktail (n = 3). Scale bar: 100 pm. (H and 1) Immunoblotting for phosphorylated B-catenin proteins (H) and
tenin proteins (1) in human adipose stem cells treated with vehicle control or FFAs. () and K) Oil Red O staining (J) and gPCR analysis (K)
reated human adipose stem cells induced by an adipogenic cocktail (7 = 3). Scale bar: 100 um. (L and M) Alizarin Red S staining (L) and
of control or FFA-treated human adipose stem cells induced by an osteogenic cocktail (n = 3). Scale bar: 100 um. Error bars represent +

SEM. Significance was determined by Student’s t test (K and M) or 1-way ANOVA (E and G). *P < 0.05; **P < 0.01, ***P < 0.001.

insight.jci.org

estingly, we observed a significant correlation between adipose IKKp expression levels and BMI (Figure
12A). IKKP mRNA levels were significantly higher in obese subjects (BMI > 30) than nonobese subjects
(BMI < 30) (Figure 12B). Further, the protein levels of both total and phosphorylated IKK were elevat-
ed in adipose tissue of obese subjects (Figure 12, C and D) which also had increased phosphorylation
of B-catenin on ser33, ser37, and serd5 (Figure 12, C and D). These results indicate the potential impact
of IKKp activation on f-catenin/Wnt signaling in humans.

Discussion

Adipocytes and osteoblasts originate from common precursors, MSCs, which can be found in many tis-
sues including fat, BM, muscle, and brain (46, 47). Increasing evidence of the differentiation switching
between osteoblasts and adipocytes suggests the plasticity existing between these 2 cell lineages (19, 26,
27, 48). Multiple factors including PPARy and leptin receptor have been demonstrated to influence the
lineage-fate of MSCs (26, 27, 49) but how the different signaling pathways coordinately regulate this
process remains poorly understood. We previously reported that IKKf functions in adipocyte precursor
cells to regulate adipocyte differentiation and adipose tissue expansion (7, 18). In the current study, we
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Table 1. Baseline characteristics of human subjects

have uncovered a dual role of IKKf in the regulation of MSC differentiation
(Figure 12E). IKK loss of function impaired adipogenesis but enhanced osteo-

Parameters
n (male/female)
Age
BMI
Sl
FBG
Glucose (2 hr)
IKKB expression

Data represent either n per group or mean + SEM. Age,
years; BMI, kg/m?; Sl, insulin sensitivity index; FBG, fasting
blood glucose (mg/dl); Glucose (2 hr), glucose levels 2 hr

Nonobese
15 (5/10)
38 +31
271+ 0.5
43+0.6
8317
108 +74
1£017

Obese genesis of murine and human MSCs. By contrast, overexpression or activation
12 (2/10) of IKKp increased adipogenesis and inhibited osteogenesis of MSCs. Mecha-
48 £31 nistic studies revealed a network between IKKfp and Wnt/B-catenin signaling,

365148 as well as demonstrated that IKKf is a B-catenin kinase that can directly phos-
254 0'5: phorylate B-catenin to prime it for ubiquitination. It has been well-recognized
15;]1;?028 that Wnt/f-catenin signaling is essential for osteoblast formation from MSCs
1.82 +0.278 but inhibits adipocyte differentiation (35, 36). The effects of IKKf signaling on

adipogenesis and osteogenesis were diminished in B-catenin—deficient MSCs.
Therefore, IKKf-mediated B-catenin phosphorylation and ubiquitination plays
an important role in maintaining balance between osteogenic and adipogenic

after standard oral glucose tolerance test (mg/dl); IKKp differentiation of MSCs (Figure 12E).
expression, IKK mRNA levels analyzed by qPCR, arbitrary As one of the most studied kinases in regulating inflammation, IKKf has been

units. Significance was determined by 2-tailed Student'st  well-established as a central mediator of inflammation and immune responses (9,
test. AP < 0.001; 8P < 0.05.

50). In addition, IKKf signaling has been shown to be important for stem cell differ-

insight.jci.org

entiation and hematopoietic cell development (50, 51). For example, the canonical
IKKB/NF-«B pathway is required for initial differentiation of neural stem cells (51).
Proinflammatory signaling in adipose tissue has been demonstrated to be important
for HF-induced adipogenesis and adipose tissue expansion (52). We recently reported a previously unrec-
ognized role of IKK in the regulation of adipocyte differentiation (7, 18). Our current study demonstrates
that IKKf can regulate both adipogenesis and osteogenesis in MSCs from multiple tissues, including adipose
tissue, BM, and embryonic tissue. The early signals triggering MSC commitment to adipocyte lineage in
response to overnutrition remain elusive. Nutrients are considered naturally inflammatory (3), and many
FFAs can activate IKKf and induce cellular inflammatory responses (15, 32, 34). We demonstrate here,
for the first time to our knowledge, that FFA-elicited IKKf activation enhanced adipogenesis and inhibited
osteogenesis of MSCs. Further, deficiency of IKKf blocked FFAs’ impact on MSC differentiation. In addi-
tion to FFAs, IKKp can also be activated by numerous inflammatory signals, including many cytokines.
Therefore, IKK may serve as a key molecular switch that triggers the adipogenic and osteogenic differenti-
ation of MSCs upon nutritional challenges or altered inflammation.

Previous studies have implicated canonical NF-kB signaling in bone homeostasis. Activation of NF-«B
signaling inhibits osteoblastic bone formation through regulating Fos-related antigen-1 expression (53).
NF-«B can transcriptionally regulate the expression of SMAD ubiquitination regulatory factors, which also
target B-catenin to inhibit osteogenesis (38). More recently, Wang et al. also demonstrated that NF-kB can
upregulate miR150-3p that target f-catenin to inhibit osteogenesis in MSCs (54). NF-«kB p65-p50 heterod-
imer has been shown to directly bind to the promoters of OC and bone sialoprotein (Bsp) and to inhibit
f-catenin—induced transcription of OC and Bsp in osteoblasts (55). Interestingly, IKKf — but not IKKa
— is an important survival factor for osteoclasts and is required for inflammation-induced bone loss (56).
Therefore, the role of IKKp in bone homeostasis is complex, and IKKf may regulate both osteogenesis
and osteoclastogenesis in vivo through NF-kB—dependent and NF-kB-independent mechanisms. Future
studies are required to dissect the detailed mechanisms of the crosstalk between IKKf and Wnt/p-catenin
signaling and its implication in bone homeostasis and other diseases.

Although much attention has been focused on the NF-kB—dependent functions of IKKf, IKKf can regulate
inflammation, apoptosis, cell proliferation, and metabolic homeostasis through NF-kB-independent mecha-
nisms by phosphorylating other key molecules such as SNAP-23, IRF7, p53, BAD, and XBP1 (39, 40, 57). For
example, IKKf can inhibit cell death in an NF-kB-independent manner by phosphorylating BAD, a BH3-only
proapoptotic protein, to prime it for inactivation (40). We also found that IKKf phosphorylation of BAD is
important for adipocyte survival in obesity (34). A recent study demonstrated that IKKp can phosphorylate
XBP1 to regulate glucose homeostasis in the liver (57). We and others previously demonstrated that IKKf affects
f3-catenin ubiquitination and degradation in different cell types (7, 18, 38), but the precise mechanisms have not
been elucidated. f-Catenin degradation is regulated by the ubiquitin-proteasome pathway, and phosphorylation
of the key serine residues ser33 and ser37 of p-catenin degron motif by GSK3p is required for B-TrCP-mediat-
ed ubiquitination. Intriguingly, the degron motif of B-catenin is highly conserved in both B-catenin and IKKf{
substrates of the IkB family members. Our results convincingly demonstrate that IKKf can phosphorylate ser33

https://doi.org/10.1172/jci.insight.96660 14


https://doi.org/10.1172/jci.insight.96660

A B
€ 47r=0.4496 57 ;
» |P=0.0186 ° 5. -
2 31 @ :
o 0 o
x (0]
) 537
< 21 x
z o 2 © °
@ < 0© -
€ 14 E 000 LYY
= 1 —e—
N4 £ o o °®
x Ooo
0 0 Q T
20 30 40 50 Non-Obese Obese
BMI (kg/m?)
Cc Non-Obese Obese
pocnonn 539
——————————————————
D 1.519 1.617 0.6
*kk [ ° OO
° 3; £ °
51.0— * £ 1.0 304—
S < < ]
@ = ° c o0
i ° < 3 2 o0
7 0.5 ¥ o054 © So2q O
o
00— —— 00— L S Ee—
Non-Obese Obese Non-Obese Obese Non-Obese Obese
81 81 87
£ £ . £
§ * § ° ] °
S 61 (44 S 64 ° 3 67
< . S S
5 4 % S 4 3 49
e L e £ E—
s i s e e s o
527 o° 5 27 o o g 2 ®
; &g%v G - o)
o A S O b L | .
0 T T 0 T T S S E—
Non-Obese Obese Non-Obese Obese Non-Obese Obese
Stimuli Mesenchymal Stem Cells
.g. FFAs, cytokines)
E (e.g )

N S
o e

insight.jci.org

\ ub
Ub
837 p P S45
833 P

Proteasome

I Adipogenesy &t'eogenesis l

Adipocytes Osteoblasts

https://doi.org/10.1172/jci.insight.96660

RESEARCH ARTICLE

Figure 12. IKKp expression and B-catenin phos-
phorylation are elevated in adipose tissue of obese
humans. (A) s.c. adipose tissues were isolated from
a cohort of nondiabetic human subjects. Correlation
between adipose IKKB mRNA levels and BMI (n = 27).
The correlation was analyzed by Pearson correlation
coefficient. (B) IKKB mRNA levels in adipose tissue
of nonobese and obese human subjects (n = 12-15).
(C and D) Immunoblotting (C) and densitometric
quantification (D) of proteins in adipose tissue of
nonobese and obese human subjects (n = 7). Error
bars represent + SEM. Significance was determined
by Student’s t test (B and D). *P < 0.05; **P <

0.01, ***P < 0.001. (E) Schematic representation

of the mechanism through which IKKp reciprocally
regulates adipogenesis and osteogenesis in MSCs.
Activation of IKKp by stimuli such as FFAs or inflam-
mation cytokines phosphorylates serine-33, -37, and
-45 of B-catenin to prime it for B-TrCP-mediated
ubiquitination and degradation, leading to increased
adipogenic differentiation and reduced osteogenic
differentiation of MSCs.
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and ser37 of B-catenin and mutation of either serine can decrease f-TrCP-mediated -catenin ubiquitination. In
addition to these 2 serines, IKKf can also phosphorylate serd5 of pB-catenin. Although ser45 does not serve as a
recognition site for the f-TrCP—-ubiquitin ligase complex, phosphorylation of ser45 primes f-catenin for GSK-3f3
phosphorylating ser33 and ser37, leading to the initiation of f-catenin phosphorylation—ubiquitination cascade
(42). However, ser45 phosphorylation is not required for IKKf phosphorylating ser33 or ser37 in vitro, as IKKf
can still phosphorylate ser33 and ser37 of GST—f-catenin (S45A) mutant proteins. It would be interesting to
study whether ser45 phosphorylation affects IKKf phosphorylating ser33 and ser37 in vivo in the future. The
functions of a complex of GSK3pB, APC, axin, and CKla in the regulation of B-catenin phosphorylation and
degradation have been extensively studied by many groups (41-43). Our findings demonstrate that IKK is an
important B-catenin kinase that regulates canonical Wnt/B-catenin signaling. Since IKKf can be activated by
numerous signals, including many inflammatory cytokines, these findings may provide a connection between
inflammation and Wnt signaling, which may lead to new insights into the pathogenesis of multiple human dis-
eases, including but not limited to obesity, osteoporosis, and cancer.

In conclusion, our studies have uncovered a critical role of IKKf in the regulation of MSC fate and
have provided potentially novel mechanistic insights on the crosstalk between IKKf and Wnt/f-catenin
signaling. We suggest that IKKf serves as a molecular switch for the Wnt pathway in response to inflamma-
tory stimuli and excessive nutrients. Both IKK and Wnt/f-catenin signaling are evolutionarily conserved
pathways, and this IKKB-Wnt axis we uncovered will have important implications for numerous biological
phenomena across many species. Findings from our studies will hopefully stimulate further investigations
of IKKB and Wnt/B-catenin crosstalk, as well as the perspective of the IKKB-Wnt axis in development,
homeostasis, and disease pathogenesis.

Methods

Mice. To delete IKK B in BM mesenchymal stromal cells, mice containing loxP-flanked IKK alleles (IKKB™F)
(7, 18, 31) were crossed with Prrx1-Cre transgenic mice (27, 44) (The Jackson Laboratory; catalog 005584) to
generate Prrx1Cre TKKB™F mice. All skeleton analyses were performed on the femurs of 20-week-old mice
unless otherwise specified. All animals were housed in a specific pathogen-free environment with a light-dark
cycle, under a protocol approved by the University of Kentucky IACUC.

Human subjects. The human samples used in this manuscript were described previously (58), and the
protocols were approved by the IRB at the University of Kentucky. Briefly, abdominal s.c. adipose tissue was
obtained from 27 human subjects (BMI ranges from 24-44.7) (Table 1 and Supplemental Table 1). Partic-
ipants were assigned in 2 groups, nonobese group (BMI < 30; n = 15, male 5, female 10) and obese group
(BMI > 30; n = 12, male 2, female 10). Insulin sensitivity index (SI) was measured by frequently sampled
i.v. glucose tolerance test. All participants were generally healthy, with no evidence of chronic inflamma-
tory disease; they participated in normal activities of daily living (ADL) without significant exercise and
were weight stable (£3%) for at least 3 months. No subjects were employed in jobs that involved prolonged
outdoor activity, none were taking any medication likely to change adipocyte metabolism, and there were
no abnormalities in liver enzymes, creatinine, or thyroid-stimulating hormone (TSH). All subjects were ini-
tially assessed with a standard oral glucose tolerance test to rule out diabetes. White adipose tissue surgical
biopsies (s.c.) were operated from the anterior abdomen under local anesthesia within 1 hr of coming inside.

Cell lines. Mouse C3H10T1/2 cells (ATCC CRL-3268), human HEK293T cells (ATCC CRL-3216),
and human BMMSCs (ATCC PCS-500-012) were purchased from ATCC and cultured following the man-
ufacturer’s instruction. MEFs, mouse BMMSCs, and human adipose stem cells were isolated as described
below. All of the above cells were cultured at 37°C in a humidified atmosphere with 5% CO,,.

Primary cell isolation. MEF's were isolated as previously described (59). Briefly, the embryos between E13 and
E15 were minced and typsinized for 20 minutes, after the heads, tails, limbs, and most of the internal organs
were removed. The MEFs were then cultured in DMEM containing 10% FBS (MilliporeSigma, F4135). Mouse
BMMSCs were isolated from the femur and tibia of mice as previously described (60) and cultured in DMEM
containing 15% FBS. Human HEK293T cells were purchased from ATCC and maintained in DMEM with
10% FBS. Human adipose stem cells were isolated from the s.c. adipose tissue from human subjects as previous-
ly described (34). The adipose tissue was from a collagenase (MilliporeSigma, C6885) digestion of the lipoaspi-
rate of patients undergoing liposuction of s.c. fat. These subjects were generally healthy and were young women
undergoing cosmetic procedures, and this method of collection was approved by the University of Kentucky
IRB. All of above cells were cultured at 37°C in a humidified atmosphere with 5% CO,.
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Total protein extraction from cells. Cells were lysed in lysis buffer (Cell Signaling Technology, 9803) con-
taining protease inhibitor cocktails (Roche Diagnostics, 11836153001) and phosphatase inhibitor cocktails
(MilliporeSigma, P5726 and P0044). After incubation on ice for 30 minutes with frequent vortex, cell
lysates were centrifuged at 16,000 g for 15 minutes at 4°C and the supernatants were collected. Protein
concentrations were measured by using BCA protein assay kit (Thermo Fisher Scientific, 23225). Proteins
were denatured by boiling at 100°C for 5 minutes in 1X Laemmli buffer (Bio-Rad, 161-0737). The lysates
were cooled to room temperature before loading to Western blot gel.

Total protein extraction from tissues. Human adipose tissues (100 mg) were homogenized with Bullet Blender
(Next Advance, BBX24) in 0.5 ml of ice-cold lysis buffer (Cell Signaling Technology, 9803) containing prote-
ase inhibitor cocktails (Roche Diagnostics, 11836153001) and phosphatase inhibitor cocktails (MilliporeSig-
ma, P5726 and P0044). After homogenization, lysates were centrifuged at 16,000 g for 15 minutes at 4°C.
The top lipid layer was carefully removed, and the remaining supernatant was centrifuged twice to completely
remove the lipid. Protein concentrations were measured by using BCA protein assay kit (Thermo Fisher Sci-
entific, 23225). Proteins were denatured in 1x Laemmli buffer (Bio-Rad, 161-0737) by boiling at 100°C for 5
minutes. The lysates were cooled to room temperature before loading for Western blot analysis.

Nuclear protein extraction. Nuclear proteins were isolated by utilizing Nuclear Extract kit (Thermo Fisher
Scientific, 78833) following the manufacturer’s instruction. Briefly, the cells were collected into buffer CER
I, and were vortexed vigorously for 15 seconds, followed by a 10-minute incubation on ice. The ice-cold
buffer CER II was added to the mixture, and the tubes were vortexed for 5 seconds. The samples were
incubated on ice for 1 minute, vortexed for another 5 seconds, and centrifuged for 5 minutes at the speed
of 16,000 g at 4°C. The supernatant containing cytoplasmic extract was immediately transferred into a
new prechilled tube and further lysed in 1X Laemmli buffer. The pellet (nuclear fraction) was incubated
in ice-cold NER buffer for total 40 minutes and vortexed for 15 seconds every 10 minutes. The lysate was
centrifuged at maximum speed for 10 minutes at 4°C in order to collect the supernatant (nuclear extract).

Western blotting. Western blotting was performed as previously described (7, 18). Briefly, cell or tissue
lysate samples, prepared as described above, were resolved on SDS-PAGE. Proteins were then transferred
to nitrocellulose (NC) membrane. The membrane was blocked in phosphate-buffered saline solution with
0.05% Tween 20 (PBST, pH 7.4) containing 5% BSA (MilliporeSigma, A9647) for 1-3 hours and then incu-
bated with primary antibody in PBST containing 5% BSA at 4°C overnight. After the incubation, the mem-
brane was washed 4 times with PBST and incubated with secondary antibody in PBST with 5% nonfat dry
milk (Bio-Rad, 170-6404) for 1 hour at room temperature. After subsequent 3-time washing in PBST, the
membrane was washed once in PBS and developed using Pierce ECL Western Blotting Substrate (Thermo
Fisher Scientific, 32209) and exposed to CL-XPosure films (Thermo Fisher Scientific, 34099). Western
blots were probed with the primary antibodies at a dilution of 1:1,000 except for the following antibod-
ies: anti—B-catenin (MilliporeSigma, C2206, 1:8,000), anti—B-actin (MilliporeSigma, A2066, 1:5,000), and
anti-ubiquitin (Santa Cruz Biotechnology Inc., sc-8017 HRP, 1:300). Anti-IKKp (catalog 2678), anti—pIK-
Kp (Ser176/180, catalog 2697), anti—pP-catenin (Serd5, catalog 9564), anti-FLAG (catalog 8146), anti-HA
(catalog 2367), anti-TFIIB (catalog 4169), anti-NF-kB p65 (catalog 3034), and anti-pNF-xB p65 (Ser536,
catalog 3033) antibodies were purchased from Cell Signaling Technology. Anti—pp-catenin (Ser33, catalog
ab73153), and anti—pf-catenin (Ser37, catalog ab47335) antibodies were purchased from Abcam.

Virus production and transduction. Adenovirus particles expressing GFP control, WT IKKp, and IKKf
KM were provided by Haiyan Xu (Brown University, Providence, RI, USA) (15). Viral particles were used
for the infection of HEK293T cells (ATCC) for amplification. After 48-hour infection, HEK293T cells were
collected and lysed by frequent freezing and thawing. Supernatant that contains viral particles was further
used for purification by using Virabind adenovirus purification kit (Cell Biolabs, VPK-100). For lentivirus
production and amplification, pPPACKH1 HIV Lentivector Packaging Kit (System Biosciences, LV500A-1)
was used as per the manufacturer’s instruction. The plasmids for lentiviral-Cre (LV-Cre) and lentiviral-LacZ
(LV-lac) were purchased from Addgene. For the virus-mediated overexpression, cells in 6-well plates were
washed twice with PBS and treated with 2 ml of serum-free media containing 5 mg/ml of polybrene and
virus. The plates were sealed with parafilm, placed in microplate adaptors, and centrifuged for 1 hour at the
speed of 700 g at room temperature. Parafilm was removed after centrifugation, and the plates were placed
in the 37°C tissue culture incubator for 4 hours, followed by adding 2 ml of complete media to each well.
After an overnight incubation, the virus-containing media was removed and replaced with fresh complete
media. The cells were used for further experiments after 2 days.
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Adipogenic differentiation. Adipogenesis protocol of mouse cells was developed as previously described (7,
18). Briefly, 2 days after the cells were confluent, DMEM supplemented with 10% FBS, 1 uM dexametha-
sone, 0.5 mM isobutylmethylxanthine, and 10 pg/ml insulin (5 pg/ml for C3H10T1/2 cell) were utilized as
the induction media to induce adipogenesis. For C3H10T1/2, MEF, and mouse BMMSC differentiation,
1 uM of rosiglitazone was added into the above induction media. Dexamethasone (D4902), isobutylmeth-
ylxanthine (I5879), insulin (12643), and rosiglitazone (R2408) were purchased from MilliporeSigma. Three
days later, the media was changed into maintenance media (induction media without dexamethasone and
isobutylmethylxanthine). Dexamethasone (1 pM) was added into the maintenance media for BMMSC dif-
ferentiation. For the FFA treatment experiments, insulin was removed from the induction media and the
maintenance media in the presence of 0.5 mM FFA mixture containing myristic, lauric, arachidonic, oleic,
and linoleic acids (15, 32, 34). IKKp inhibitor BMS-345541 (5 uM, MilliporeSigma, B9935) was used to
inhibit the activity of IKKf during adipogenesis. Wnt inducers Wnt3a (100 ng/ml, R&D Systems, 5036-WN-
010) and LiCl (20 mM) were included in the induction and maintenance media to activate Wnt/p-catenin
signaling. Every 2 days, the maintenance media was replaced until the cells are ready for Oil-Red O staining.
For the differentiation of human adipose stem cells and BMMSCs, the protocol was followed as previously
described (34). The 2-day postconfluent cells were induced with DMEM/F10 supplemented with 3% FBS,
15 mM HEPES (MilliporeSigma), 33 uM Biotin (MilliporeSigma), 17 pM panthothenate (MilliporeSigma),
1 uM of dexamethasone, 100 nM human insulin, 0.25 mM isobutylmethylxanthine, and 1 uM rosiglitazone.
Three days later, the media was changed to maintenance media containing DMEM/F10 supplemented with
3% FBS, 15 mM HEPES, 33 uM Biotin, 17 uM panthothenate, 1 tM dexamethasone, and 100 nM human
insulin. The maintenance media was replaced every 3 days until the cells were ready for analysis.

Osteogenic differentiation. Osteogenic media (MEM containing 10% FBS, 100 nM dexamethasone, 50 pM
L-ascorbic acid, and 10 mM B-glycerophosphate) was used to incubate the cells after confluency. L-ascor-
bic acid (A4403) and B-blycerophosphate (G9422) were purchased from MilliporeSigma. The media was
replaced every 3 days for 2 weeks. BMS-345541 (5 uM), 0.5 mM FFA mixture, 100 ng/ml Wnt3a, or 20
mM LiCl was added into the osteogenic media to study their impact on osteogenesis. The ALP staining
was used to determine the osteogenesis of C3H10T1/2, mouse or human BMMSC, and mouse SV cells
(26). Briefly, cultured plates were rinsed with PBS, fixed in 10% formalin buffered with PBS, and stained
with 0.1 M Tris-HCI (pH 9.5) solution containing 0.1 M of NaCl, 0.05 M of MgCl2, and NBT/BCIP
(MilliporeSigma) as a substrate. Mineralization of the extracellular matrix in human adipose stem cells
was visualized by Alizarin Red S staining. Briefly, the cultured plates were rinsed with PBS, fixed in 10%
buffered formalin, and stained with 2% Alizarin red S (pH 4.0) (MilliporeSigma).

CRISPR/Cas9-KO in cells. The CRISPR/Cas9 method was used to delete IKKf or B-catenin in
C3H/10T1/2 cells. Briefly, The lentiCRISPR plasmid (Addgene plasmid 52961), containing hCas9 and
single-guide RNA (sgRNA), was digested with Bbsl, and a pair of annealed oligonucleotides for IKKf
(5-CACCGGCAGCCGTTGGGGCCATACT-3") or B-catenin (5-CACCGATGAGCAGCGTCAAACT-
GCG-3') for targeting site was cloned into the guide RNA according to the previous protocol (61). The
lentivirus was prepared in HEK293T cells, and the viral supernatant was then used to infect C3H10T1/2

cells. The cells were selected for 7 days with 1 ug/ml puromycin, and single clones were expanded and
screened by Western blot analysis. Further, the Transgenomic Surveyor Mutation Detection Kit (Thermo
Fisher Scientific, 706020) and genomic DNA sequencing were used to verify genomic mutations within the
locus of IKKp or B-catenin. For LPS treatment, the p-catenin—deficient-C3H/10T1/2 cells were treated
with LPS (500 ng/ml, MilliporeSigma, L.4391) together with PS-341 (100 nM, Cell Signaling Technology,
VCA-1003) for 4 hours in order to detect the phosphorylation of B-catenin by immunoblotting.

Cell transfection. For siRNA transfection assays, 0.2 uM of IKKP siRNAs (MilliporeSigma, SASI_
MmO01_00132411 and 00132412) were transfected into 2 x 10° cells via Amaxa Cell Line Nucleofector kit V
(Lonza VCA-1003) following the manufacturer’s protocol. The cells were then cultured with complete media
for 2-3 days until they were ready for further analysis. For B-catenin reporter activity assays, cells were trans-
fected with the TOP-flash reporter plasmids to evaluate the activity of f-catenin, as well as f-gal plasmids as a
transfection control, by using Amaxa Cell Line Nucleofector kit V (Lonza) (18). Two days after transfection,
the cells were lysed and the activities of luciferase and p-gal were measured as previously described (18).

Recombinant f-catenin proteins. GST-tagged full-length human B-catenin plasmid (pGEX-Bcatfl) was
obtained Addgene (plasmid 24193, a gift from David Rimm at Yale University, New Haven, CT). The mutant
plasmids were generated by using QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies). To
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express the recombinant proteins, the pGEX-Bcatfl plasmid was transformed into E. coli Express BL21 (DE3)
Chemically Competent Cells (Lucigen, 60401), and a single colony was inoculated into 5 ml of Luria-Bertani
(LB) medium containing ampicillin. After overnight culture, 0.5 ml of bacterial culture was inoculated into
50 ml of LB medium containing ampicillin to incubate with shaking at 37°C until the OD, reached 0.6-0.8.
Isopropyl B-D-1-thiogalactopyranoside (IPTG, 0.5 mM) was used to induce the recombinant protein expres-
sion at 37°C for 4 hours. The cell pellet was collected by centrifugation for 15 minutes at the speed of 5,000 g
at 4°C and lysed by sonication on ice. The bacterial lysates were used for protein purification via Glutathione
Sepharose 4B (GE Healthcare, 17075601) following the manufacturer’s instruction.

IKKJ kinase assays. For cell-free kinase assay, 100 ng of recombinant human IKKf proteins (Signal-
Chem, 103-18G) were incubated with purified GST-tagged full-length human B-catenin protein and 150
nCi/nmol of y-[**P] ATP (PerkinElmer, BLU002A250UC) with a total 100 nM of ATP in kinase buffer
(50 mM Tris-HCI, pH 7.7, 10 mM MgCl,, 1 mM DTT, and protease inhibitor cocktail). Kinase reactions
were incubated for 60 minutes at 30°C and denatured in Laemmli sample buffer (Bio-Rad), followed by
autoradiography or Western blot analysis.

LC-MS/MS analysis of f-catenin phosphorylation. After in vitro phosphorylation by IKKf protein (Sig-
nalChem) in kinase buffer containing 100 nM of ATP, the human B-catenin proteins were separated by
SDS-PAGE and excised followed by trypsinization as described previously (62). Extracted peptides were
analyzed by LC-MS/MS (Ultimate 3000 nano-HPLC system coupled to a Q-Exactive Plus mass spectrom-
eter, Thermo Fisher Scientific). Peptides were separated on a C18 column (12 cm/75 pm, 3 pm beads,
Nikkyo Tecnologies) at 200 nl/min with a gradient increasing from 1% buffer B/95% buffer A to 45% buf-
fer B/55% buffer A in 137 minutes (buffer A, 0.1% formic acid; buffer B, 0.1% formic acid in acetonitrile)
and analyzed in a data dependent (DDA) manner. The peptide AAVSHWQQQSYLDSGIHSGATTTAPS-
LSGK was found to be phosphorylated and targeted in a follow-up parallel reaction monitoring (PRM)
experiment (63). The peptide in its unphosphorylated form as well as with 1, 2, 3 and 4 phosphorylations
in charge states 3+ and 4+ were targeted in the PRM experiment. Tandem MS spectra were recorded at
17,500 resolution with m/z 100 as lowest mass. Normalized collision energy was set at 27, with AGC target
and maximum injection time being 2 X 10°, and 60 ms, respectively. DDA data were extracted and queried
against UniProt’s Human database (http://www.uniprot.org/) concatenated (December 2014) with com-
mon contaminants using Proteome Discoverer 1.4 (Thermo Fisher Scientific) and MASCOT 2.5.1 (Matrix
Science). Acetyl (Protein N-term), Oxidation (Methionine), and phosphorylation of serine, threonine, and
tyrosine were allowed as variable modifications. All cysteines were treated as being carbamidomethylat-
ed. Both 10 ppm and 20 mDa were used as mass accuracy for precursors and fragment ions, respectively.
Matched peptides were filtered using 1% FDR calculated by Percolator and, in addition, requiring that a
peptide was matched as rank 1 and that precursor mass accuracy was better than 5 ppm. PhosphoRS v.
3.0 was used to in the assignment of phosphorylated residues. PRM data were analyzed using Skyline v.
3.5. Second stage of mass spectrometry (MS2) data were used to validate and to estimate phosphorylation
stoichiometry. First stage of mass spectrometry (MS1) data were used to estimate total phosphorylation.
Multiple charge states for each peptide were used for quantitation.

Immunoprecipitation. For immunoprecipitation experiments, cells were incubated with 100 nM of PS-341
(Cell Signaling Technology, VCA-1003) for 4 hours to block the proteasome-mediated ubiquitination. The
whole-cell lysates were then isolated using lysis buffer (Cell Signaling Technology) containing protease
inhibitor cocktails (Roche Diagnostics), incubated with anti—f-catenin antibodies (MilliporeSigma, C2206)
overnight at 4°C, and then incubated with Protein A Agarose beads (Roche Diagnostics, 11134515001)
for another 5 hours at 4°C. The samples were washed with lysis buffer, followed by 4-time wash with ice-
cold PBS, and eluted into 2X Laemmli buffer (Bio-Rad) by boiling at 100°C for 5 minutes. The superna-
tant was analyzed by Western blot using anti-ubiquitin monoclonal antibodies (Santa Cruz Biotechnology
Inc., sc-8017 HRP) (7). For pull-down experiment, HA-tagged B-catenin plasmid (a gift from Brett Spear
(University of Kentucky, Lexington, KY); ref. 64) and FLAG-tagged IKKf plasmid (pcDNA-IkkB-FLAG
WT [Addgene plasmid 23298] was a gift from Warner Greene, University of California, San Francisco,
CA ) were cotransfected into C3H10T1/2 or HEK293T cells (ATCC). FLAG-IKKf—containing proteins
were immunoprecipitated with an anti-FLAG antibody M2 agarose (MilliporeSigma, F2555) and then
immunoblotted using an anti-FLAG (1:2,000 dilution, Cell Signaling Technology, 8146) or anti-HA anti-
body (1:2,000 dilution, Cell Signaling Technology, 2367). In a reciprocal fashion, HA—fB-catenin—contain-
ing proteins were immunoprecipitated with the anti-HA antibody (Cell Signaling Technology, clone 2367)
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and then immunoblotted using the anti-FLAG or anti-HA antibody. To detect the endogenous IKKf and
-catenin interactions, C3H/10T1/2 cells were treated with vehicle control, FFA or TNFo (20 ng/ml,
MilliporeSigma, T7539) for 4 hours. The cell lysates were immunoprecipitated with anti-IKKf antibodies
(Cell Signaling Technology, 2678) or anti—B-catenin antibodies (MilliporeSigma, C2206), and then immu-
noblotted with anti—f-catenin antibodies (1:8,000 dilution) and anti-IKKf antibodies (1:1,000 dilution)
(Cell Signaling Technology, clone 2678). For the endogenous IKK protein complex pull-down experiment,
HEK293T cells were treated with WT IKKf adenovirus for 48 hours. The endogenous IKK protein com-
plex in the cell lysate were immunoprecipitated with anti-IKKp antibodies (Cell Signaling Technology,
2678) and then immunoblotted with anti-IKKp antibodies (1:2,000 dilution) and anti-IKKa antibody
(1:1,000 dilution, Cell Signaling Technology, 2682) for confirmation. The immunoprecipitated IKK protein
complex was used for kinase assay by incubating with purified GST—B-catenin proteins as described above
in the IKK kinase assays section.

Ubiquitination assays. For the cell-free ubiquitination assay, the purified p-catenin proteins or its mutants
were first incubated with the IKKf protein (SignalChem) in kinase buffer (50 mM Tris-HCl, pH 7.7, 10 mM
MgCl,, 1 mM DTT, and protease inhibitor cocktail) containing 100 nM of ATP for 60 minutes at 30°C.
The phosphorylated B-catenin proteins or its mutants were then mixed with E1 ubiquitin-activating enzyme,
E2 (UbcH5), Mg-ATP solution, ubiquitin, and ubiquitination buffer (Enzo Life Science) in the presence of
purified B-TrCP (p4489 FLAG-B-TrCP plasmid [Addgene plasmid 10865], a gift from Peter Howley, Harvard
Medical School, Boston, MA) by FLAG immunoprecipitation. The reaction was incubated at 37°C for 1
hour, followed by SDS-PAGE and Western blotting analysis to detect the ubiquitinated fB-catenin utilizing
anti-ubiquitin antibodies (Santa Cruz Biotechnology Inc., sc-8017 HRP). For cell-based ubiquitination assay,
the cells were treated with 100 nM of proteasome inhibitor PS-341 for 4 hours. Total cell lysates were isolated
and immunoprecipitated with anti—f-catenin antibodies (MilliporeSigma) in order to estimate ubiquitinated
B-catenin by Western blot analysis using anti-ubiquitin antibody (Santa Cruz Biotechnology Inc.).

MicroCT analyses. High-resolution microCT was performed at the MicroCT laboratory of the Texas A&M
University Baylor College of Dentistry using a ScanCo MicroCT 35 Scanner as described previously (27). Brief-
ly, femurs were dissected, fixed in 10% formalin, and stored in 70% ethanol at 4°C. Trabecular bone parameters
were measured in the distal metaphysis of the femurs. The bottom of the distal growth plate was used as the
initiation of the slices analysis, and 100 slices (3.5 pm/slice) were analyzed toward the proximal end of the
femur. Cortical bone parameters were measured by analyzing 100 slices (3.5 um/slice) in middiaphysis femurs.

IHC. Dissected femurs were fixed in 10% neutral buffered formalin for 2 days and decalcified in 10%
EDTA for 5 days. Samples were further processed for paraffin-embedded section, and H&E staining was
performed following standard protocol. For IHC, deparaffinized and rehydrated sections were treated with
sodium citrate buffer (Vector Laboratories, H-3300) for antigen retrieval and incubated with DAKO Dual
Endogenous Enzyme blocking reagent (Agilent Technologies, S2003) for quenching endogenous perox-
idase. Sections were blocked in 0.1% Triton X-100 in PBS with 10% normal goat serum (Vector Labora-
tories, S-1000) and stained overnight at 4°C with anti-perilipin antibody (1:500 dilution, Cell Signaling
Technology, 3470). Sections were then incubated with biotinylated goat anti—rabbit IgG antibodies (Vector
Laboratories, BA-1000) for 1 hour and VECTASTAIN ABC reagent (Vector Laboratories, PK-6100) for 30
minutes at room temperature, and were visualized by the avidin-biotin—complex method using the DAB
Peroxidase Substrate Kit (Vector Laboratories, SK-4105). Counterstaining was performed using nuclear
fast red (MilliporeSigma, N3020) following the manufacturer’s instruction. The number of adipocytes was
determined via counting perilipin-positive cells based on the IHC images.

RNA isolation and quantitative PCR analysis. Total RNA was isolated from mouse tissues or cells using
TRIzol Reagent (Thermo Fisher Scientific, 15596026) and quantitative PCR (qPCR) was performed using
gene-specific primers and the SYBR Green PCR kit (Bio-Rad, 170-8886) as previously described (7). The
sequences of primer sets used in this study are listed in Supplemental Table 2.

Statistics. All data are presented as the mean + SEM. Individual pairwise comparisons were ana-
lyzed by 2-sample, 2-tailed Student’s ¢ test unless otherwise noted, with P < 0.05 regarded as signifi-
cant. The statistical significance of differences among more than 2 groups was assessed using 1-way
ANOVA with Dunnett’s test. Two-way ANOVA was used when multiple comparisons were made,
followed by a Bonferroni multiple comparisons test. The correlation of human BMI and IKK was
analyzed by Pearson correlation coefficient. Two-way ANOVA was done using SigmaPlot 13.0. The
other statistics were analyzed using GraphPad Prism.
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Study approval. All animal studies were performed in compliance with the IACUC protocol approved
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written informed consent was obtained from each participant.
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