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Supplemental Figure 1. Knockdown of IKKβ affects adipogenic and osteogenic potential of 
murine MSCs.   
(A-E) C3H/10T1/2 cells were introduced with control siRNA or siRNA against IKKβ.  Immunoblotting 
for IKKβ proteins in control or siIKKβ C3H/10T1/2 cells (A).  Oil-red-O staining (B) and QPCR 
analysis (C) of control or siIKKβ C3H/10T1/2 cells induced by an adipogenic cocktail (n=3).  ALP 
staining (D) and QPCR analysis (E) of control or siIKKβ C3H/10T1/2 cells induced by an osteogenic 
cocktail (n=3).  Scale bar, 100 m.  (F-J) BMMSCs isolated from IKKβF/F mice were infected with 
control lentivirus or lentivirus expressing Cre.  Immunoblotting for IKKβ proteins in BMMSCs (F).  Oil-
red-O staining (G) and QPCR analysis (H) of BMMSCs induced by an adipogenic cocktail (n=3).  ALP 
staining (I) and QPCR analysis (J) of BMMSCs induced by an osteogenic cocktail (n=3).  Scale bar, 
100 m.  Error bars represent  SEM.  Significance was determined by Student’s t test (H and J) or 
one-way ANOVA (C and E).  *p <0.05; **p<0.01. 
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Supplemental Figure 2. Wnt/β-catenin signaling regulates adipogenesis and osteogenesis in 
MSCs.  
(A-D) C3H/10T1/2 cells were treated with vehicle control, Wnt3a or LiCl, and were induced by 
differentiation media.  Oil-red-O staining (A) and QPCR analysis (B) of vehicle, Wnt3a or LiCl-treated 
C3H/10T1/2 cells induced by an adipogenic cocktail (n=3).  ALP staining (C) and QPCR analysis (D) 
of vehicle, Wnt3a or LiCl-treated C3H/10T1/2 cells induced by an osteogenic cocktail (n=3).  Scale 
bar, 100 m.  (E) Vehicle, Wnt3a, or LiCl-treated C3H/10T1/2 cells were treated with vehicle or 100 
nM PS-341.  β-Catenin proteins were immunoprecipitated with anti-β-catenin antibodies and then 
probed with anti-ubiquitin antibodies.  The whole cell lysates were probed with anti-β-catenin 
antibodies as an internal control.  (F) Immunoblotting for nuclear β-catenin proteins in C3H/10T1/2 
cells treated with vehicle, Wnt3a or LiCl.  (G) Immunoblotting for β-catenin proteins in control or 
CRISPR/Cas9-mediated β-catenin-deficient C3H/10T1/2 cells. (H and I) Oil-red-O staining (H) and 
QPCR analysis (I) of control or β-catenin-deficient C3H/10T1/2 cells induced by an adipogenic 
cocktail (n=3).  Scale bar, 100 m.  (J and K) ALP staining (J) and QPCR analysis (K) of control or β-
catenin-deficient C3H/10T1/2 cells induced by an osteogenic cocktail (n=3).  Scale bar, 100 m.  
Error bars represent  SEM.  Significance was determined by Student’s t test (I and K) or one-way 
ANOVA (B and D).  *p <0.05; **p<0.01, ***p<0.001. 
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Supplemental Figure 3. IKKβ phosphorylates β-catenin and increases its ubiquitination.  
(A) Immunoblotting for endogenous IKKβ and β-catenin proteins after immunoprecipitation using 
control IgG or antibodies against IKKβ or β-catenin proteins in C3H10T1/2 cells treated with vehicle 
control, FFAs or TNFα.  (B) Monochromatic image of Coomassie blue-stained SDS-PAGE gel for 
GST and GST-β-catenin proteins.  (C) Immunoblotting for IKKβ and IKKα proteins after 
immunoprecipitation using control IgG or antibodies against IKKβ proteins in HEK293T cells infected 
with virus expressing IKKβ. (D) In vitro phosphorylation of GST-β-catenin proteins by the protein 
complex immunoprecipitated by antibodies against IKKβ proteins in the presence of γ-[32P]ATP.  (E) 
Immunoblotting for phosphorylated β-catenin proteins in C3H/10T1/2 cells treated with vehicle control 
or LPS in the absence or presence of IKKβ inhibitor BMS-345541.  (F) GST-β-catenin proteins were 
phosphorylated by IKKβ in vitro in the presence of nonradioactive ATP.  The reaction substrates were 
subjected for cell-free ubiquitination assay in the absence or presence of β-TrCP proteins.   
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Supplemental Figure 4. Deficiency of IKKβ in BMMSCs has little or no effects on body weight 
and cortical bone.  
(A and B) Body weight (A) and lean and fat mass (B) of 20-week-old IKKF/F and Prrx1Cre+IKKF/F 

littermate mice.  (C) MicroCT images of femur cortical bone of 20-week-old IKKF/F and 
Prrx1Cre+IKKF/F mice. Scale bar, 100 m.  (D-G) MicroCT analyses of cortical bone volume/total 
volume (D), bone marrow density (E), thickness (F), and porosity (G) in the femur mid-diaphysis of 
IKKF/F and Prrx1Cre+IKKF/F mice (n=5). Error bars represent  SEM.  Significance was determined 
by Student’s t test (F).  ***p<0.001. 
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Supplemental Figure 5. Expression of wild-type or mutant form IKKβ proteins has opposite 
effects on adipogenesis and osteogenesis of human BMMSCs.  
(A and B) Immunoblotting for IKKβ (A) and ubiquitinated β-catenin proteins (B) in human BMMSCs 
infected with control, WT IKKβ and IKKβ KM virus.  (C and D) Oil-red-O staining (C) and QPCR 
analysis (D) of human BMMSCs induced by an adipogenic cocktail (n=3).  Scale bar, 100 m.  (E and 
F) ALP staining (E) and QPCR analysis (F) of human BMMSCs induced by an osteogenic cocktail 
(n=3).  Scale bar, 100 m.  Error bars represent  SEM.  Significance was determined by one-way 
ANOVA (D and F).  *p <0.05; **p<0.01, ***p<0.001. 
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Supplemental Figure 6.  Modulation of IKKβ activity affects adipogenesis and osteogenesis of 
human BMMSCs.  
(A-E) Human BMMSCs were treated with vehicle control or 5μM IKKβ inhibitor BMS-345541.  
Immunoblotting for ubiquitinated β-catenin proteins in control or BMS-345541-treated human 
BMMSCs (A).  Oil-red-O staining (B) and QPCR analysis (C) of control or BMS-345541-treated 
human BMMSCs induced by an adipogenic cocktail (n=3).  ALP staining (D) and QPCR analysis (E) 
of control or BMS-345541-treated human BMMSCs induced by an osteogenic cocktail (n=3).  Scale 
bar, 100 m.  (F-J) Human BMMSCs were treated with vehicle control or 0.5mM FFAs.  
Immunoblotting for ubiquitinated β-catenin proteins in control or FFA-treated human BMMSCs (F).  
Oil-red-O staining (G) and QPCR analysis (H) of control or FFA-treated human BMMSCs induced by 
an adipogenic cocktail (n=3).  ALP staining (I) and QPCR analysis (J) of control or FFA-treated 
human BMMSCs induced by an osteogenic cocktail (n=3).  Scale bar, 100 m.  Error bars represent 
 SEM.  Significance was determined by Student’s t test (C, E, H and J).  *p <0.05; **p<0.01, 
***p<0.001. 
 
 
 
 



8 
 

 
Supplemental Table 1: Baseline Characteristics of Individual Human Subjects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M, male; F, female; BMI, body mass index (kg/m2); SI, insulin sensitivity index; FBG, fasting blood glucose; 
FBG, fasting blood glucose (mg/dL); Glucose (2 hr), glucose levels 2 hr after standard oral glucose tolerance 
test (mg/dL); IKK expression, IKK mRNA levels analyzed by QPCR, arbitrary units.   

Subject Age Gender BMI SI FBG 
Glucose 

(2 hr) 
IKK 

expression 
1 65 F 27.6 9.52 92 172 1.39 
2 51 F 26.66 5.02 80 110 1.94 
3 29 M 27.44 3.25 91 118 1.80 
4 26 F 24 3.45 77 98 0.66 
5 29 F 29 N/A 90 92 1.35 
6 36 F 26 N/A 77 83 0.10 
7 44 F 28 6.95 85 116 0.96 
8 23 F 24 3.29 87 108 0.77 
9 24 F 27 3.46 76 139 0.41 
10 34 M 29 3.87 84 120 2.35 
11 26 M 24 4.15 74 69 0.74 
12 51 F 29 2.61 80 102 1.41 
13 45 M 27 2.30 82 67 0.32 
14 39 M 28 4.89 92 124 0.56 
15 42 F 30 3.01 N/A N/A 0.24 
16 48 F 40.67 2.18 95 103 3.41 
17 56 F 44.22 1.73 113 201 1.55 
18 54 M 34.79 N/A 93 105 1.61 
19 60 F 35.34 2.16 99 136 1.78 
20 42 F 40.32 2.69 106 180 1.45 
21 58 F 35.26 N/A 77 122 1.43 
22 55 F 32.96 2.71 96 164 0.70 
23 43 F 34.78 2.18 82 154 1.89 
24 22 F 44.66 1.89 80 91 2.15 
25 39 M 32.44 6.55 92 108 0.58 
26 55 F 30.2 1.38 83 93 3.78 
27 45 F 32.34 1.55 83 94 1.46 
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Supplemental Table 2. Primer Sequences for QPCR. 

Gene               Primer sequence Genes                  Primer sequence 

Mouse primers 

IKK 5’-GAGCTCAGCCCAAAGAACAG-3’ 
5’-AGGTTCTGCATCCCCTCTGG-3’ 

LacZ 
 

5’-ACGCGCGAATTGAATTATGG -3’ 
5’-GTTGACTGTAGCGGCTGATGTT-3’ 

Runx2 5’-GACGTGCCCAGGCGTATTTC-3’ 
5’-AAGGTGGCTGGGTAGTGCATTC-3’ 

Zfp423 
 

5’-TGGCCTGGGATTCCTCTGT-3’ 
5’-CTCTTGACTTGTCACGCTGTT-3’ 

ALP 5’-AACCCAGACACAAGCATTCC-3’ 
5’-GAGACATTTTCCCGTTCACC-3’ 

PPAR 
 

5’-GTGCCAGTTTCGATCCGTAGA-3’ 
5’-GGCCAGCATCGTGTAGATGA-3’ 

OPN 5’-CTTTCACTCCAATCGTCCCTA-3’ 
5’-GCTCTCTTTGGAATGCTCAAGT-3’ 

aP2 5’-AAGGTGAAGAGCATCATAACCCT-3’ 
5’-TCACGCCTTTCATAACACATTCC-3’ 

OC 5’-GCAGCTTGGTGCACACCTAG-3’ 
5’-GGAGCTGCTGTGACATCCAT-3’ 

Adiponectin 5’-GCACTGGCAAGTTCTACTGCAA-3’ 
5’-GTAGGTGAAGAGAACGGCCTTGT-3’ 

Osterix 5’-TCTCCATCTGCCTGACTCCT-3’ 
5’-AGCGTATGGCTTCTTTGTGC-3’ 

Gapdh 5’-AACTTTGGCATTGTGGAAGG-3’ 
5’-GGATGCAGGGATGATGTTCT-3’ 

36B4 5’-CCAGGAAGGCCTTGACCTTT-3’ 
5’-CTGATCATCCAGCAGGTGTT-3’ 

  

Human primers 

IKK 5’-ATCCCCGATAAGCCTGCCA-3’ 
5’-CTTGGGCTCTTGAAGGATACAG-3’ 

Zfp423 
 

5’-GGCATCAACCACGAGTGTAAGC-3’ 
5’-CTTCTGCGGAGAGGTGTCCTGT-3’ 

Runx2 5’-CCGCCTCAGTGATTTAGGGC-3’ 
5’-GGGTCTGTAATCTGACTCTGTCC-3’ 

PPAR 
 

5’-TCTCTCCGTAATGGAAGACC-3’ 
5’-GCATTATGAGACATCCCCAC-3’ 

ALP 5’-GGACATGCAGTACGAGCTGA-3’ 
5’-GCAGTGAAGGGCTTCTTGTC-3’ 

aP2 5’-ACCAGGAAAGTGGCTGGCAT-3’ 
5’-CAGGTCAACGTCCCTTGGCT-3’ 

OPN 5’-GAAGTTTCGCAGACCTGACAT-3’ 
5’-GTATGCACCATTCAACTCCTCG-3’ 

Adiponectin 5’-AGCCTCCTTCTCCTGGGTCC-3’ 
5’-GTTGCCTCTAGCCTGGTGGG-3’ 

OC 5’-GGCAGCGAGGTAGTGAAGAG-3’ 
5’-CTGGAGAGGAGCAGAACTGG-3’ 

Gapdh 5’-GGCCTCCAAGGAGTAAGACC-3’ 
5’-AGGGGAGATTCAGTGTGGTG-3’ 

-actin 5’-CATGTTTGAGACCTTCAACAC-3’ 
5’-CCAGGAAGGAAGGCTGGAA-3’ 

  

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


