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NF-�B is a multifunctional transcription factor involved in diverse biological processes. It has been well
documented that NF-�B can be activated in response to various stimuli. While signal-inducible NF-�B
activation mechanisms have been extensively characterized, exogenous signal-independent intrinsic NF-�B
activation processes remain poorly understood. Here we show that I�B kinase � (IKK�) can be intrinsically
activated in the nucleus by a homeobox protein termed Nkx3.2 in the absence of exogenous IKK-activating
signals. We found that ubiquitin chain-dependent, but persistent, interactions between Nkx3.2 and NEMO
(also known as IKK�) can give rise to constitutive IKK� activation in the nucleus. Once the Nkx3.2-NEMO-
IKK� complex is formed in the nucleus, IKK�-induced Nkx3.2 phosphorylation at Ser148 and Ser168 allows
�TrCP to be engaged to cause I�B-� ubiquitination independent of I�B-� phosphorylation at Ser32 and Ser36.
Taken together, our results provide a novel molecular explanation as to how an intracellular factor such as
Nkx3.2 can accomplish persistent nuclear IKK activation to enable intrinsic and constitutive degradation of
I�B in the nucleus in the absence of exogenous NF-�B-activating signals, which, in turn, plays a role in
chondrocyte viability maintenance.

NF-�B regulates expression of a variety of genes associated
with immune responses, proliferation, differentiation, and
apoptosis (21, 23, 39). Numerous studies have described in
detail the molecular mechanisms of signal-dependent NF-�B
activation. In particular, it is well established that diverse NF-
�B-activating signals trigger I�B kinase � (IKK�) activation in
the cytoplasm to permit signal-dependent I�B-� phosphoryla-
tion, which, in turn, causes its ubiquitination and proteasomal
degradation, leading to NF-�B activation (3, 11, 13, 18, 21, 23,
39). While these extensive studies pertain to the signal-induc-
ible NF-�B activation process, exogenous signal-independent
intrinsic NF-�B activation mechanisms are largely unknown.

Nkx3.2 (also termed Bapx1) is initially expressed in chon-
drocyte precursor cells during development, and later, its
expression is maintained in chondrocytes of various skeletal
elements (19, 20, 25, 29, 37, 47). We have previously demon-
strated that Nkx3.2 supports chondrocyte survival by constitu-
tively activating p65-RelA, leaving p105 and p100 NF-�B un-
affected (28). However, it remains to be understood how
Nkx3.2, a nuclear homeobox protein, can indeed trigger con-
stitutive I�B degradation and give rise to intrinsic NF-�B ac-
tivation in chondrocytes in the absence of exogenous NF-�B-
activating signals.

It has been suggested that polyubiquitin chains play a role in
creating multiprotein complexes in signal-inducible NF-�B ac-
tivation pathways (4, 9, 27, 34, 35, 41, 48). For instance, the

ability of NEMO (also known as IKK�) to recognize and in-
teract with polyubiquitin chains has been shown to be critical
for NEMO to establish functionally active IKK complexes in
the cytoplasm in response to NF-�B-activating signals (4, 9, 34,
41, 48). While these findings pertain to signal-inducible events,
a role for polyubiquitin chain-dependent complex formation
during intrinsic NF-�B activation in the nucleus has not been
investigated.

In this work, we demonstrate that ubiquitination-dependent
complex formation between Nkx3.2 and NEMO allows persis-
tent IKK� activation in the nucleus in the absence of exoge-
nous NF-�B-activating signals. Besides, according to the cur-
rent paradigm of signal-dependent NF-�B activation, I�B
proteins must be phosphorylated in its N terminus prior to its
ubiquitination; however, we found that IKK�-induced phos-
phorylation of Nkx3.2 allows �TrCP-mediated I�B-� ubiq-
uitination independently of I�B-� phosphorylation at Ser32
and Ser36. Our results reveal a novel mechanism of intrinsic
IKK� activation leading to constitutive nuclear I�B degrada-
tion and NF-�B activation, which, in turn, supports cell viabil-
ity maintenance in chondrocytes.

MATERIALS AND METHODS

Cell lines, chemical reagents, and antibodies. ATDC5 cells were maintained in
Dulbecco modified Eagle medium (DMEM)–Ham’s F-12 medium (1:1 dilution)
supplemented with 5% fetal bovine serum (FBS). HEK293, 293T, C3H10T1/2,
MEF-3T3, human polydactyl chondrocyte, and human fetal chondrocyte cells
were grown in DMEM supplemented with 10% FBS. NIH 3T3 cells were main-
tained in DMEM supplemented with 10% calf serum. To generate cell lines
stably expressing vector, wild-type Nkx3.2 (Nkx3.2WT), Nkx3.2(K260/262R)
(Nkx3.2KR), or Nkx3.2(S148/168A) (Nkx3.2SA) ATDC5 cells were transfected
with the indicated pcDNA constructs and selected for neomycin resistance.
Recombinant mouse tumor necrosis factor alpha (TNF-�) was obtained from
R&D Systems, and BAY 11-7085 (BAY), IKK2 inhibitor-IV, and MG132 were
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purchased from Calbiochem. Radioactive chemicals were purchased from Am-
ersham. Anti-Myc rabbit polyclonal and anti-Myc monoclonal (9E10) antibodies
were purchased from Upstate Biotechnology. Anti-hemagglutinin (HA) mono-
clonal antibody was purchased from Roche, and anti-V5 was obtained from
Invitrogen. We obtained anti-Flag monoclonal M2 antibody, normal rabbit im-
munoglobulin G, and normal goat serum from Sigma, and anti-NEMO antibody
was obtained from Santa Cruz Biotechnology. Anti-Nkx3.2 antibodies were pur-
chased from Abcam and used where indicated, except in the work described
below (see Fig. 3A). Anti-Nkx3.2 antibodies used in the work described below
(see Fig. 3A) were custom-made by SeouLin Biosciences Co., and detailed
information on the antibody production is available upon request. Anti-IKK�,
anti-cleaved PARP1, and anti-cleaved Caspase-3 antibodies were purchased
from Cell Signaling Technology, and anti-GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) was obtained from Abfrontier. Secondary antibodies for immu-
nocytochemistry were obtained from Jackson Laboratory.

Expression plasmids and molecular cloning. Nkx3.2 expression plasmids were
generated by subcloning expression constructs into pCS or pcDNA empty
vectors. Point mutations of Nkx3.2, I�B, IKK�, or NEMO were generated by
two-step PCR mutagenesis of wild-type constructs and verified by DNA
sequencing.

Transient-transfection and reporter assay. Transfection was performed using
FuGene 6 (Roche) or VivaMagic (Vivagen). For reporter assays, 200 ng of the
4� �B-Luc reporter construct, 20 ng of pRL-TK normalization plasmid, and 200
ng of the indicated expression constructs per well of a 12-well plate were used.
Luciferase activity was measured using the Dual-Luciferase reporter assay sys-
tem (Promega), and all transfections were performed in duplicate.

Coimmunoprecipitation and immunoblotting. Cells were washed in phos-
phate-buffered saline (PBS) and lysed in buffer containing 50 mM Tris at pH 7.8,
150 mM NaCl, 1 mM EDTA, 2 mM imidazole, 1 mM NaF, 1.15 mM Na2MoO4,
1 mM Na3VO4, 4 mM C4H4Na2O6, 1.5 mM MgCl2, 1 mM dithiothreitol (DTT),
10% glycerol, 0.5% or 1% NP-40, and protease inhibitors (complete, EDTA free;
Roche). The cell extracts were centrifuged for 10 min at 13,000 � g at 4°C, and
the supernatants were subjected to coimmunoprecipitation (co-IP) and Western
blot analysis. Visualization of the immunoblots was performed using the ECL
detection kit (GE Healthcare).

siRNA, shRNA and reverse transcription-PCR (RT-PCR). Double-stranded
small interfering RNAs (siRNAs) for mouse IKK�, IKK�, NEMO, and �TrCP
and control siRNA were purchased from Santa Cruz and were transfected using
Oligofectamine (Invitrogen). The Nkx3.2 short hairpin RNA (shRNA) lentiviral
construct was purchased from Sigma, and lentiviral particles for Nkx3.2 shRNA
were custom-made by Macrogen Co. as previously described (8). Total RNA was
isolated using the RNAspin minikit (GE Healthcare). The SuperScript III cDNA
synthesis kit (Invitrogen) was employed for cDNA synthesis. PCRs were per-
formed with the following oligonucleotides, consisting of targeted mouse cDNA
sequences: GAPDH, 5�-TTTGTGATGGGTGTGAACCACG-3� (sense) and 5�-
TTGTGAGGGAGATGCTCAGTGTTG-3� (antisense); �TrCP, 5�-TGTTTGC
AGTACAGAGACAGGCTG-3� (sense) and 5�-ATGTAGGTGTATGTCCGA
GAAGGG-3� (antisense); Nkx3.2, 5�-AACCGTCGCTACAAGACCAAACG-3�
(sense) and 5�-GGGACGCAGGAATCCTTCTTTG-3� (antisense); and Bcl-xL,
5�-AACATCCCAGCTTCACATAACCCC-3� (sense) and 5�-CCCGTAGAGA
TCCACAAAAGTGTCC-3� (antisense).

Apoptosis assay. ATDC5 and stable cell lines were treated with 10 �M BAY
11-7085, an NF-�B inhibitor, and assayed for apoptosis. For RNA knockdown of
Nkx3.2, ATDC5 cells were infected with Nkx3.2-shRNA lentiviruses for 60 h. For
overexpression of kinase-dead IKK� (IKK��	) or the D304N mutation of
NEMO (NEMOD304N), ATDC5 cells were infected with lentivirus for 48 h. For
fluorescence-activated cell sorter (FACS) analyses, cells were trypsinized,
washed with PBS containing 5% calf serum and 0.09% sodium azide, and then
washed with 1� annexin V binding buffer (10 mM HEPES at pH 7.4, 140 mM
NaCl, and 2.5 mM CaCl2). Cultures were then incubated with annexin V-fluo-
rescein isothiocyanate (FITC) (BD Bioscience), and fluorescent cells were
counted using FACSCalibur (BD Bioscience).

Mass spectrometric analysis. For in-gel digestion, Coomassie blue-stained
protein spots were excised from the gel and destained with 50 mM NH4HCO3-
50% acetonitrile. Samples were digested with 1 �g trypsin in 50 mM NH4HCO3

at 37°C for 18 h. The digested peptides were extracted in 0.1% formic acid-50%
acetonitrile and dried in a Speed Vac. Peptides were analyzed by nanoscale
liquid chromatography-electrospray ionization-tandem mass spectrometry
(nanoLC-ESI-MS/MS) to determine the amino acid sequences and phosphory-
lation sites. Ultimate nanoLC systems, combined with the FAMOS autosampler
and Switchos column switching valve (LC Packings), were used. Samples were
loaded onto a trap column (1-cm by 200-�m inside diameter [i.d.] 5-�m Zorbax
300SB-C18; Agilent, CA) and washed with loading solvent (0.1% formic acid in

H2O) at a flow rate of 4 �l/min for 10 min to remove salts. Subsequently, a
Switchos II column switching device transferred flow paths to the analytical
column (15-cm by 75-�m i.d. 5-�m Zorbax 300SB-C18; Agilent, CA). The nano-
flow eluted at a rate of 200 nl/min using a 90-min gradient elution from 0%
solvent A to 32% solvent B, where solvent A was 0.1% formic acid-5% aceto-
nitrile and solvent B was 0.1% formic acid-90% acetonitrile. The column outlet
was coupled directly to the nanoESI source, which was interfaced to the QSTAR
mass spectrometer (Applied Biosystems). The data acquisition time was set to 3 s
per spectrum over an m/z range of 400 to 1,500 Da for nanoLC-MS/MS analyses.
Database searches were performed with a National Center for Biotechnology
Information (NCBI) nonredundant database using the MASCOT software pack-
age (Matrix Sciences).

In vitro kinase assay. To measure the total IKK activity, pcDNA or Nkx3.2
stable ATDC5 cells were treated with 5 ng/ml TNF-� for 1 h, where indicated,
and lysed with buffer containing 50 mM Tris at pH 7.8, 150 mM NaCl, 1 mM
EDTA, 2 mM imidazole, 1 mM NaF, 1.15 mM Na2MoO4, 1 mM Na3VO4, 4 mM
C4H4Na2O6, 1.5 mM MgCl2, 1 mM dithiothreitol (DTT), 10% glycerol, 0.5%
NP-40, and protease inhibitors (complete, EDTA free; Roche). For detection of
nuclear IKK activity, pcDNA or Nkx3.2 stable ATDC5 cells, control ATDC5
cells, human polydactyl chondrocytes, C3H10T1/2 cells, and NIH 3T3 cells were
scraped in PBS containing phosphatase inhibitors and resuspended with NEBA
buffer (10 mM HEPES at pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, and
1 mM EGTA) containing phosphatase inhibitors, protease inhibitors, and 1 mM
DTT. After 30 min of incubation on ice and vigorous vortexing, cells were
centrifuged for 30 min at 10,000 � g at 4°C, and the supernatant was add to
NEBC buffer (100 mM HEPES at pH 7.9, 750 mM NaCl, 1.5 mM MgCl2, 1 mM
EDTA, 1 mM EGTA, and 1% NP-40) containing phosphatase inhibitors, pro-
tease inhibitors, and 1 mM DTT for the cytosolic fraction. Cell pellets were
resuspended with NEBD (20 mM HEPES at pH 7.9, 420 mM NaCl, 1.5 mM
MgCl2, 1 mM EDTA, 1 mM EGTA, 25% glycerol, and 0.2% NP-40) containing
phosphatase inhibitors, protease inhibitors, and 1 mM DTT. After 30 min of
incubation on ice with vortexing every 5 min, cells were centrifuged for 10 min at
13,000 � g at 4°C. The supernatant was added to NEBE buffer (20 mM HEPES
at pH 7.9, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, and 0.2% NP-40)
containing phosphatase inhibitors, protease inhibitors, and 1 mM DTT for the
nuclear fraction. Anti-NEMO immunoprecipitates prepared from whole-cell,
cytosolic, or nuclear extracts were incubated with 1 �g glutathione S-transferase
(GST)-I�B and [�-32P]ATP in kinase buffer (20 mM HEPES at pH 7.9, 100 mM
NaCl, 2 mM MgCl2, 2 mM MnCl2, 1 mM DTT, phosphatase inhibitors, and
protease inhibitors) for 30 min. To measure Nkx3.2-associated IKK activity,
transfected ATDC5 cells were lysed with buffer containing 50 mM Tris at pH 7.8,
150 mM NaCl, 1 mM EDTA, 2 mM imidazole, 1 mM NaF, 1.15 mM Na2MoO4,
1 mM Na3VO4, 4 mM C4H4Na2O6, 1.5 mM MgCl2, 1 mM dithiothreitol (DTT),
10% glycerol, 0.5% NP-40, and protease inhibitors. Anti-HA immunoprecipi-
tates were treated with 5 �M IKK2 inhibitor-IV from Calbiochem for 5 min,
where indicated, and then incubated with 1 �g GST-I�B and [�-32P]ATP in
kinase buffer (20 mM HEPES at pH 7.9, 100 mM NaCl, 2 mM MgCl2, 2 mM
MnCl2, 1 mM DTT, phosphatase inhibitors, and protease inhibitors) for 30 min.
Reactions were terminated by the addition of 10 mM EDTA and resolved by
SDS-PAGE, followed by autoradiography.

Immunocytochemistry. Cells were fixed in 2% paraformaldehyde and perme-
abilized with 0.1% Triton X-100–PBS containing 5% goat serum. Cells were then
incubated with the indicated primary antibodies in PBS containing 1% goat
serum and 0.02% Tween 20, followed by washing and incubation with the mix-
ture of secondary antibody and 10 �M DAPI (4�,6-diamidino-2-phenylindole) in
PBS containing 1% goat serum and 0.02% Tween 20. Samples were washed three
times with PBS, treated with antifading solution, and processed for fluorescence
microscopy.

RESULTS

Nuclear localization of IKK� in a chondrogenic cellular
background. It has been well established that IKK� activation
plays an instrumental role in signal-inducible I�B degradation
and NF-�B activation (3, 11, 13, 18, 36). Since Nkx3.2-medi-
ated RelA activation also involves I�B-� degradation, IKK�
may also be associated with Nkx3.2-mediated NF-�B activation
in chondrocytes. However, previous studies have indicated that
IKK� functions in the cytoplasm to induce I�B phosphoryla-
tion in response to NF-�B-activating signals (6, 24, 26, 30, 46),
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whereas exogenous signal-independent RelA activation medi-
ated by Nkx3.2 in the chondrocyte takes place in the nucleus
(28). Hence, as an initial step to reveal the involvement of
IKK� in Nkx3.2-mediated NF-�B activation, we examined sub-
cellular localization of 
��� in chondrogenic and nonchon-
drogenic cells. As would be expected, IKK� resides mainly in
the cytoplasm in nonchondrogenic cells such as C3H10T1/2
and NIH 3T3 cells (Fig. 1A, panels a and b). However, inter-
estingly, IKK� was detected primarily in the nucleus in chon-
drogenic cells such as mouse ATDC5 cells, human polydactyl
chondrocytes (HPC), and human fetal chondrocytes (HFC)
(Fig. 1A, panels c to e). In addition, Nkx3.2 transfection into
nonchondrogenic cells such as C3H10T1/2 cells and mouse
embryonic fibroblasts (MEFs) induced nuclear localization of
endogenous IKK� (Fig. 1B, panels b and h). Conversely, 48 h
of lentiviral infection of Nkx3.2 shRNA into chondrogenic
ATDC5 cells effectively increased cytoplasmic localization of
endogenous IKK� (Fig. 1C, compare panels a and b or panels
c and d). Since we have observed from our multiple experi-
ments that the total amounts of endogenous IKK� (both
mRNA and protein) are not significantly altered by either
Nkx3.2 overexpression or knockdown (data not shown), these
results suggest that the majority of IKK� proteins can be
retained in the nucleus with high levels of nuclear Nkx3.2
under control shRNA-infected conditions, whereas signifi-
cant amounts of IKK� proteins can be translocated to the

cytoplasm as a consequence of Nkx3.2 knockdown. However,
this interpretation of Fig. 1C may have to be taken carefully, as
these phenomena may have been caused by nuclear membrane
breakdown because the cells could be at the early stages of
apoptosis due to Nkx3.2 knockdown. Nevertheless, the results
shown in Fig. 1A to C together may indicate a reasonable
correlation between Nkx3.2 expression levels and the nuclear
localization levels of IKK�. Furthermore, prolonged Nkx3.2
shRNA treatment (i.e., 60 to 72 h) was sufficient to trigger
spontaneous programmed cell death in multiple chondrogenic
cells, including mouse ATDC5 cells (Fig. 1D), human fetal
chondrocytes (Fig. 1E), and human polydactyl chondrocytes
(Fig. 1F), as judged by annexin V binding (see Fig. 4D), Pro-
cyclic acidic repetitive protein (PARP) cleavage (Fig. 1E), and
Caspase-3 activation (Fig. 1F). Besides, we have found that
stable overexpression of Nkx3.2 can elevate the levels of Bcl-
xL, a well-known antiapoptotic NF-�B target (38), while treat-
ment with BAY 11-7085, an IKK inhibitor, can reduce Bcl-xL

expression (Fig. 1G, middle). Besides, importantly, the remain-
ing levels of Bcl-xL in BAY-treated pcDNA and BAY-treated
Nkx3.2 stable cells are significantly different; i.e., BAY-treated
Nkx3.2 stable cells maintain reduced but appreciable levels of
Bcl-xL (Fig. 1G, middle, compare lanes 3 and 4). Therefore,
these results together indicate that Nkx3.2, which can be asso-
ciated with chondrocyte-specific nuclear localization of IKK�,
plays a role in cell type-specific viability maintenance in chon-

FIG. 1. Nuclear accumulation of IKK� is required for cell survival in chondrocytes. (A) Subcellular localization of IKK� in chondrogenic and
nonchondrogenic cells. C3H10T1/2 cells (a, f, and k), NIH 3T3 cells (b, g, and l), ATDC5 cells (c, h, and m), HPC (d, i, and n), or HFC (e, j, and
o) were immunostained with anti-IKK� antibody (a to e) and stained with DAPI (k to o). The scale bars represent 25 �m. (B) Nkx3.2 induces
nuclear translocation of endogenous IKK� in nonchondrogenic cells. C3H10T1/2 cells (a to f) or MEFs (g to l) were transfected with an empty
vector (a, c, e, g, i, and k) or the Nkx3.2-3Flag expression vector (b, d, f, h, j, and l) for 48 h and processed for immunocytochemistry using
anti-IKK� antibody (a, b, g, and h) or anti-Flag antibody (c, d, i, and j) (for Nkx3.2). Untransfected (open triangle) and transfected (closed triangle)
cells are indicated. The scale bars represent 25 �m. (C) Nkx3.2 shRNA decreases nuclear localization of IKK�. ATDC5 cells were infected with
control or Nkx3.2 shRNA lentiviruses. After 48 h, immunocytochemistry was performed with anti-IKK� antibody (a and b). The scale bars
represent 25 �m. (D) RNA knockdown of endogenous Nkx3.2 causes spontaneous apoptosis in ATDC5. Control or Nkx3.2 shRNA lentiviral
infection was performed with ATDC5 cells. After 60 h, GAPDH and Nkx3.2 mRNA levels were assessed by RT-PCR (a), and the percentage of
apoptotic cells in control shRNA virus-infected ATDC5 cells (b) (6.7% of total cells) and Nkx3.2 shRNA virus-infected ATDC5 cells (c) (18.9%
of total cells) was estimated by FACS. (E and F) Nkx3.2 shRNA can induce programmed cell death in HFC and HPC. Control or Nkx3.2 shRNA
lentiviral infection was performed in human fetal chondrocytes (E) or human polydactyl chondrocytes (F) for 72 h, and total cell lysates were
analyzed for apoptosis by Western blotting (WB) as indicated. Abs, antibodies. (G) IKK inhibition can modulate Nkx3.2-mediated induction of
Bcl-xL in ATDC5 cells. Vector or Nkx3.2 stable ATDC5 cells were treated with 10 �M BAY, and the levels of Bcl-xL were estimated by RT-PCR
analyses.
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drocytes by modulating the levels of Bcl-xL. On the other
hand, NEMO was basically detected both in the cytoplasm
and in the nucleus regardless of cellular background (data
not shown), and we were unable to observe coherent cell
type-dependent differences in subcellular localization of
NEMO between chondrogenic and nonchondrogenic cells
that we examined.

Nkx3.2-mediated NF-�B activation requires IKK� and
NEMO. Since the results shown in Fig. 1 suggest that IKK�
may function in the nucleus, we next examined whether IKK�
plays a role in Nkx3.2-mediated NF-�B activation. Interest-
ingly, unlike IKK�, IKK� siRNA completely eliminated the
ability of Nkx3.2 to functionally activate NF-�B, as judged by
NF-�B-dependent reporter assays (Fig. 2A). The efficiencies of
IKK� and IKK� siRNAs were tested as shown in Fig. 2B. In
addition, Nkx3.2-mediated NF-�B activation was potentiated
by wild-type IKK� (IKK�WT) and diminished by kinase-dead
IKK� (IKK��	) (Fig. 2C). While these results suggest that
IKK� plays a role in Nkx3.2-mediated NF-�B activation, it has
been shown that IKK��	 can inhibit IKK� function (1). Thus,
to more carefully assess the involvement of IKK� and IKK� in
this process, we employed IKK��/� and IKK��/� MEF-3T3
cells (15, 22). Consistent with the findings shown in Fig. 2A and
C, Nkx3.2 coexpression was able to induce functional activa-
tion of NF-�B in control and IKK��/� MEFs but not in
IKK��/� MEFs; moreover, reintroduction of IKK� into
IKK��/� cells successfully restored the ability of Nkx3.2 to
activate NF-�B (Fig. 2D). Thus, these results indicate that
IKK� is a significant component of Nkx3.2-mediated NF-�B
activation.

Next, to further characterize the involvement of IKK�, we
examined the effects of IKK�KM on Nkx3.2-mediated I�B
ubiquitination. Consistent with the results shown in Fig. 2C,
IKK�KM efficiently inhibited I�B ubiquitination induced by
Nkx3.2 (Fig. 2E, top), while IKK�KM moderately enhanced
I�B ubiquitination induced by Nkx3.2 (data not shown). How-
ever, importantly, the interaction between Nkx3.2 and I�B
(Fig. 2E, middle) was not affected by IKK�KM. Therefore,
these findings suggest that Nkx3.2 requires IKK� not to com-
plex with I�B-� but to trigger I�B ubiquitination.

IKK� (also known as NEMO), a regulatory subunit of IKK,
has been shown to play an essential role in functionally acti-
vating catalytic subunits of IKK (5, 11, 18, 26, 31, 44). Since we
found that IKK� was functionally associated with Nkx3.2-me-
diated NF-�B activation, we next investigated whether NEMO
is also involved in this process. While Nkx3.2 effectively in-
duced protein degradation of I�B-�, as expected, NEMO
siRNA substantially decreased such activity of Nkx3.2 (Fig. 2F,
top). In addition, Nkx3.2-mediated NF-�B activation was also
significantly diminished by NEMO siRNA (Fig. 2G). These
results indicate that NEMO, along with IKK�, is also a neces-
sary component of Nkx3.2-mediated induction of I�B degra-
dation and NF-�B activation.

One technical note can be stated here. As can be seen in Fig.
2A and G, loss of IKK� or NEMO did not reduce basal activity
of the NF-�B-dependent reporter gene in ATDC5 cells, which
is somewhat confusing. However, this is likely a technical issue,
and the following has been our interpretation. Chondrogenic
lineage cells including ATDC5 characteristically have signifi-
cant levels of steady-state NF-�B activation in the absence of

exogenous stimuli, as we have previously shown (28). These
already activated endogenous NF-�B proteins, which preexist
prior to transfection, would be capable of activating NF-�B-
dependent reporter gene expression immediately after the
transfected reporter DNA plasmids are taken up by the cells.
On the other hand, we have repeatedly observed that IKK� (or
NEMO) knockdown transfection requires at least 24 h or more
to give rise to a meaningful reduction of endogenous IKK� (or
NEMO) mRNAs and proteins. Therefore, within the time
frame of our conventional reporter assays (i.e., 36 to 48 h),
IKK� (or NEMO) knockdown treatment using siRNA trans-
fection may not be an effective means to cause an evident and
rapid decrease in basal NF-�B activity because the activation
of transfected NF-�B-dependent reporter DNA by already ac-
tivated endogenous NF-�B proteins would not be significantly
inhibited by IKK� (or NEMO) siRNA transfection at least for
the first 24 h. In contrast, additional NF-�B-dependent re-
porter gene activation induced by transfected Nkx3.2 would be
more efficiently inhibited by parallel transfection of IKK� (or
NEMO) siRNAs.

Nkx3.2 ubiquitination is necessary for Nkx3.2-NEMO inter-
action. As our results suggest that both IKK� and NEMO are
functionally associated with Nkx3.2, we next explored the pos-
sibility that Nkx3.2 may form a complex with IKK� and/or
NEMO. Interestingly, we were able to detect endogenous pro-
tein complexes of Nkx3.2-NEMO-IKK� in ATDC5 cells by
co-IP assays using anti-Nkx3.2 (Fig. 3A) or anti-NEMO (Fig.
3B) antibodies. In addition, interestingly, endogenous Nkx3.2
proteins in ATDC5 cells showed laddering electrophoretic mi-
gration patterns, and some of them displayed evidently higher
molecular weights (MWs) than the theoretically calculated
MW of Nkx3.2, which is 35,146. Besides, as can be seen in Fig.
3B, Nkx3.2 proteins showing the highest MWs were more en-
riched in the anti-NEMO IPs than in total cell lysates (Fig. 3B,
compare Nkx3.2 signals in the second and fifth panels). There-
fore, these results suggest that a posttranslational modification
of Nkx3.2 may promote Nkx3.2-NEMO complex formation.

It is a possible that NEMO-associated Nkx3.2 showing
higher MWs may represent ubiquitinated forms of Nkx3.2.
Besides, it has been demonstrated that NEMO recognizes a
necessary cofactor by sensing its ubiquitination during IKK
complex activation processes (4, 9, 34, 41, 48). Therefore, we
next investigated whether Nkx3.2 ubiquitination plays a role in
Nkx3.2-NEMO complex formation. To do this, we first sought
to find a mutant form of Nkx3.2 defective in basal ubiquitina-
tion, since Nkx3.2-mediated NF-�B activation is supposed to
occur in the absence of exogenous stimuli. Thus, we generated
a large number of Lys-to-Arg mutants of Nkx3.2, evaluated
their basal (i.e., exogenous signal-independent) ubiquitination
levels, and eventually found that the K260/262R mutation is
most effective in eliminating basal ubiquitination of Nkx3.2
(Fig. 3C, top, lane 4 [the laddering electrophoretic migration
patterns represent ubiquitinated forms of Nkx3.2]). The K244/
251R mutation of Nkx3.2 in Fig. 3C, lane 3, was included as an
internal negative control for K-to-R mutations. Mass spectro-
metric analyses further confirmed that the Nkx3.2 residues
K260 and K262 are indeed ubiquitinated in vivo (data not
shown). Thus, we employed Nkx3.2(K260/262R) (Nkx3.2KR)
as a mutant form of Nkx3.2 defective in basal ubiquitination. In
addition, it can be noted here that, although most of the above-

VOL. 31, 2011 INTRINSIC NUCLEAR IKK ACTIVATION MEDIATED BY Nkx3.2 2805



FIG. 2. IKK� and NEMO are required for Nkx3.2-mediated NF-�B activation. (A) IKK� siRNA but not IKK� siRNA eliminate Nkx3.2-
mediated NF-�B activation. ATDC5 cells were transfected with control (Ctrl), IKK�, or IKK� siRNA. Thirty hours later, cells were cotransfected
with the 4� �B-Luc reporter gene and an empty vector or the Nkx3.2-3HA expression vector. After an additional 30 h, luciferase assays were
performed. (B) IKK� and IKK� knockdown by siRNAs. ATDC5 cells were transfected with control, IKK�, or IKK� siRNA. After 40 h, total
lysates were analyzed by Western blotting. (C) IKK� plays a critical role in Nkx3.2-mediated NF-�B activation. The 4� �B-Luc reporter was
transfected into ATDC5 cells with the IKK�WT or IKK�KM expression vector in the absence or presence of Nkx3.2. Cells were harvested after 48 h,
and luciferase assays were performed. (D) Nkx3.2 is not able to activate NF-�B in IKK��/� cells. Control MEF-3T3, IKK��/� MEF-3T3, or
IKK��/� MEF-3T3 cells were transfected with the 4� �B-Luc reporter in the absence or presence of expression constructs for Nkx3.2 or IKK�.
Luciferase activity was measured after 48 h of transfection. KO, knockout. (E) IKK� is required for Nkx3.2-mediated I�B ubiquitination.
Expression constructs for 3HA-I�B and 2V5-ubiquitin (Ub) were transfected into 293T cells in the absence or presence of the Nkx3.2-3Myc or
6Myc-IKK�KM expression plasmid for 24 h. Transfected cells were exposed to 20 �M MG132 for the final 6 h of incubation. Anti-HA
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described experiments related to Nkx3.2 ubiquitination were
performed in chondrogenic ATDC5 cells, the Nkx3.2 ubiq-
uitination process does not require particular chondrocyte-
specific components since our multiple experiments verified
that that exogenously expressed Nkx3.2 proteins can be effec-
tively ubiquitinated in various nonchondrogenic cellular back-
grounds as well.

Next, the effects of the K260/262R mutation of Nkx3.2 on its
ability to interact with NEMO were examined. Interestingly,
NEMO IP effectively coprecipitated polyubiquitinated forms
of Nkx3.2WT, whereas Nkx3.2KR fails to interact with NEMO
(Fig. 3D, top). In addition, nonubiquitinated Nkx3.2WT was
also detected in the Nkx3.2-NEMO complex (Fig. 3D, second
panel, lane 2). However, it may not be the case that nonubiq-

uitinated Nkx3.2 possesses affinities sufficient to form a stable
complex with NEMO because nonubiquitinated Nkx3.2KR was
not capable of interacting with NEMO (Fig. 3D, second panel,
lane 3). As a matter of fact, one important detail to be con-
sidered for more careful interpretation is that the NK family
homeoproteins are capable of forming homodimers through
the interactions between their homeodomains (45). Apart
from this report, we have confirmed for ourselves that Nkx3.2
proteins tagged with different epitopes (e.g., HA and FLAG
tagged) can be effectively dimerized (data not shown). There-
fore, considering these results, it seems that nonubiquitinated
Nkx3.2WT can be included in Nkx3.2-NEMO complexes due to
its ability to dimerize with ubiquitinated Nkx3.2WT. On the
other hand, such a possibility is not applicable for nonubiq-

immunoprecipitates and total lysates were analyzed by Western blotting. (F) Nkx3.2-mediated I�B degradation requires NEMO. ATDC5 cells
were transfected with control or NEMO siRNA. At 12 h posttransfection, the cells were transfected with the 6Myc-I�B expression plasmid in the
absence or presence of the Nkx3.2-3Flag expression constructs. After an additional 60 h, total lysates were analyzed by Western blotting. (G)
NEMO siRNA reduces Nkx3.2-mediated NF-�B activation. ATDC5 cells were transfected with control or NEMO siRNA. Thirty hours later, cells
were transfected with the 4� �B-Luc reporter with an empty vector or the Nkx3.2-3HA expression vector. After an additional 30 h, cells were
harvested, and luciferase assays were performed.

FIG. 3. Nkx3.2 ubiquitination is necessary for Nkx3.2 to interact with NEMO and to inhibit chondrocyte apoptosis. (A and B) Detection of the
endogenous protein complex of Nkx3.2-NEMO-IKK�. ATDC5 cell extracts were incubated with 5 �g of normal rabbit IgG (n-IgG) (A and B),
anti-NEMO (A), or anti-Nkx3.2 (B) antibodies. Immunoprecipitates and total lysates were analyzed by Western blotting as indicated. Modified
and unmodified Nkx3.2 proteins are marked with closed and open triangles, respectively. N.S., nonspecific; HC, heavy chain. (C) The K260/262R
mutation decreases basal ubiquitination of Nkx3.2 in chondrocytes. The 3Flag-ubiquitin expression plasmid was transfected into ATDC5 cells in
the absence or presence of 3HA-tagged Nkx3.2WT, Nkx3.2(K244/251R), or Nkx3.2KR expression plasmids. After 48 h, anti-HA immunoprecipitates
and total lysates were analyzed by Western blotting. (D) The ubiquitination-defective Nkx3.2 mutant fails to interact with NEMO. 293T cells were
transfected with 3HA-tagged Nkx3.2WT or Nkx3.2KR expression constructs with an empty vector or the 6Myc-NEMO expression vector for 24 h.
Anti-Myc immunoprecipitates and total lysates were analyzed by Western blotting. Polyubiquitinated and nonubiquitinated forms of Nkx3.2 are
indicated with closed (top panel) and open (second panel) triangles, respectively. (E) Nkx3.2 ubiquitination at Lys260 and Lys262 is required for
Nkx3.2 to enhance nuclear translocation of NEMO. pcDNA vector (a, d, and g), Nkx3.2WT (b, e, and h), or Nkx3.2KR (c, f, and i) stable ATDC5
cells were immunostained with anti-NEMO antibody (a to c) or anti-HA antibody (d to f) (for Nkx3.2). The scale bars represent 25 �m.
(F) Nkx3.2KR is unable to cause I�B ubiquitination. Expression vehicles encoding 6Myc-I�B and 2V5-ubiquitin were transfected into 293T cells
in the absence or presence of 3HA-tagged Nkx3.2WT or Nkx3.2KR expression plasmids for 24 h, including a final 6 h of exposure to MG132.
Anti-Myc immunoprecipitates and total lysates were analyzed by Western blotting. (G and H) Nkx3.2KR is not able to delay chondrocyte apoptosis.
(G) Vector, Nkx3.2WT, or Nkx3.2KR stable ATDC5 cells were treated with 10 �M BAY, the percentage of apoptotic cells was estimated by three
independently repeated FACS analyses, and the average values are presented. (H) Comparable levels of Nkx3.2 in Nkx3.2WT or Nkx3.2KR stable
ATDC5 cells were confirmed by Western blotting.
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uitinated Nkx3.2KR, which is defective in being ubiquitinated.
Thus, taken together, Nkx3.2 ubiquitination at Lys260 and
Lys262 may play a critical role in stable complex formation
between Nkx3.2 and NEMO.

Then we investigated whether Nkx3.2 can enhance nuclear
localization of NEMO in a ubiquitination-dependent manner
since the Nkx3.2-mediated NF-�B activation pathway is pre-
sumed to function in the nucleus (28). Immunostaining of
endogenous NEMO in pcDNA vector, Nkx3.2WT, and
Nkx3.2KR stable cells revealed that stable overexpression of
Nkx3.2WT in ATDC5 increases nuclear staining of endogenous
NEMO, while Nkx3.2KR lacks this activity (Fig. 3E, panels a to
c). Since various previous experiments performed in our lab-
oratory have indicated that the total amounts of endogenous
NEMO (both mRNA and protein) are not significantly mod-
ulated by either Nkx3.2 overexpression or knockdown (data
not shown), we interpret these results as follows: a subpopu-
lation of endogenous NEMO proteins that are scattered in the
cytoplasm of vector stable ATDC5 cells can be further re-
cruited into the nucleus by the elevated levels of nuclear
Nkx3.2 in Nkx3.2 stable ATDC5 cells. Furthermore, consider-
ing the nature of immunofluorescence microscopy, concen-
trated staining (e.g., restricted nuclear staining) is generally
more effective in generating intensive signals than scattered
staining (e.g., spread cytoplasmic staining). Therefore, the re-
sults shown in Fig. 3D and E together may suggest that Nkx3.2
ubiquitination plays a role in stabilizing a nuclear complex of
Nkx3.2 and NEMO.

Next, to assess the functional importance of this ubiquitina-
tion-dependent Nkx3.2-NEMO interaction, we investigated
whether Nkx3.2 ubiquitination is necessary for Nkx3.2-medi-
ated I�B ubiquitination. Consistent with other results, we
found that the ability of Nkx3.2 to enhance I�B ubiquitination
was eliminated in Nkx3.2KR (Fig. 3F). In addition, while stable
overexpression of Nkx3.2WT in ATDC5 cells effectively de-
layed chondrocyte apoptosis induced by NF-�B inhibition, as
previously shown (28), Nkx3.2KR stable cells failed to exhibit
such activity (Fig. 3G). Comparable expression levels of Nkx3.2
in Nkx3.2WT and Nkx3.2KR stable cells were verified by West-
ern blotting (Fig. 3H). Thus, these results indicate that Nkx3.2
ubiquitination at Lys260 and Lys262 is required for Nkx3.2 to
be capable of inducing NF-�B activation and accumulating
functionally active NF-�B proteins in the cell, which allows
Nkx3.2 stable cells to remain viable against apoptotic chal-
lenges caused by NF-�B inhibition longer than vector stable
cells. We believe that this phenomenon is associated with the
differences in the rate of Bcl-xL decrease.

The ubiquitin chain sensing ability of NEMO is required for
Nkx3.2-NEMO interaction. Since we found that Nkx3.2 ubiq-
uitination is critical for Nkx3.2-NEMO complex formation, we
next investigated whether the ability of NEMO to recognize
and interact with polyubiquitin chains plays a role in this pro-
cess. To this end, we employed a polyubiquitin chain binding-
defective NEMO mutant termed NEMO(D304N) (7, 40, 41).
Co-IP assays revealed that the interaction between Nkx3.2 and
NEMO can be significantly attenuated by the D304N mutation
of NEMO (Fig. 4A, second panel), and polyubiquitinated
forms of NEMO were detected in the Nkx3.2-NEMOWT com-
plex (Fig. 4A, top panel, lane 2, closed triangles). These results
suggest that polyubiquitin chain recognition by NEMO may

not be required for the initial contacts between Nkx3.2 and
NEMO but plays a crucial role in further stabilizing the
Nkx3.2-NEMO complex.

Next, we evaluated the functional importance of NEMO’s
ability to sense and bind polyubiquitin chains in Nkx3.2-medi-
ated NF-�B activation. Interestingly, NEMOD304N coexpres-
sion efficiently inhibited NF-�B activation by Nkx3.2 (Fig. 4B).
Besides, Nkx3.2-induced I�B ubiquitination was enhanced by
NEMOWT and diminished by NEMOD304N (Fig. 4C, top
panel). However, importantly, the interaction between Nkx3.2
and I�B was not affected by either NEMOWT or NEMOD304N

(Fig. 4C, second panel). Therefore, these results demonstrate
that, similar to the requirement of IKK�, NEMO’s ability to
sense and bind polyubiquitin chains is necessary for Nkx3.2 to
induce I�B ubiquitination subsequent to Nkx3.2-I�B complex
formation.

Since our results suggest that sensing polyubiquitin chains of
Nkx3.2 by NEMO is critical for Nkx3.2-induced NF-�B activa-
tion, we next asked whether polyubiquitin chain-dependent
Nkx3.2-NEMO interaction plays a role in chondrocyte viabil-
ity. Interestingly, lentiviral infection of NEMOD304N alone was
sufficient to cause significant apoptosis in ATDC5 cells in the
absence of additional apoptotic stimuli (Fig. 4D). Besides, it
was intriguing to observe that NEMOD304N overexpression
does not induce programmed cell death in nonchondrogenic
cells such as NIH 3T3 and HEK293 cells (Fig. 4D). Therefore,
these results indicate that the ability of NEMO to sense poly-
ubiquitin chains is crucial for chondrocyte-specific viability
maintenance.

The polyubiquitin chain-dependent Nkx3.2-NEMO interac-
tion establishes a functional IKK complex in the nucleus in-
dependent of the exogenous NF-�B-activating signal. The re-
sults obtained up to this point lead us hypothesize that stable
interactions between Nkx3.2 and NEMO may, in turn, trigger
the recruitment of IKK� for the establishment of a functionally
competent IKK complex. To test this hypothesis, the effects of
Nkx3.2KR and NEMOD304N on Nkx3.2-NEMO-IKK� complex
formation were examined. Co-IP assays revealed that
Nkx3.2KR, compared to Nkx3.2WT, has a significantly reduced
ability to form a complex with NEMO and IKK� (Fig. 4E, top
and second panels). Besides, Nkx3.2-IKK� co-IP can be sig-
nificantly enhanced by NEMOWT and effectively abolished by
NEMOD304N (Fig. 4F, top panel). Furthermore, interestingly,
we have found that both NEMOWT and NEMOD304N are com-
petent in forming a complex with IKK� (Fig. 4G). Therefore,
these results clearly indicate that NEMOD304N affects Nkx3.2-
NEMO-IKK� complex formation, since the D304N mutation
of NEMO attenuates its ability to stably interact with Nkx3.2
rather than IKK�. Taken together, we conclude that ubiquitina-
tion-dependent interactions between Nkx3.2 and NEMO play
a crucial role in establishing and stabilizing the complex of
Nkx3.2-NEMO-IKK�.

Next, we sought to determine whether Nkx3.2 is capable of
functionally activating IKK in addition to its ability to form a
complex with IKK� and NEMO. To address this, IKK-specific
in vitro kinase assays were performed. The IKK activities mea-
sured from whole-cell extracts and cytosolic fractions were not
dramatically different between Nkx3.2 stable and pcDNA vec-
tor stable ATDC5 cells (Fig. 4H, lanes 1, 2, 5, and 6), and
TNF-� treatment elicited an additional increase in IKK activity
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in both vector and Nkx3.2 stable cells (Fig. 4H, lanes 3 and 4).
However, interestingly, nuclear IKK activity was remarkably
elevated by stable overexpression of Nkx3.2 in the absence of
exogenous IKK activation signals (Fig. 4H, lanes 7 and 8). To
further substantiate these results, we determined the levels of

steady-state nuclear IKK activity between chondrogenic and
nonchondrogenic lineage cells. Consistent with the results
shown in Fig. 4H, significantly greater IKK activities were
measured from the nuclear extracts prepared from chondro-
genic human polydactyl chondrocytes (HPC) and ATDC5 cells

FIG. 4. The polyubiquitin chain sensing ability of NEMO is required for Nkx3.2-NEMO interaction and for IKK� recruitment to the Nkx3.2-NEMO
complex. (A) The polyubiquitin chain binding-defective NEMO mutant is unable to form a complex with Nkx3.2. 293T cells were transfected with
6Myc-tagged NEMOWT or NEMOD304N expression vectors in the absence or presence of the Nkx3.2-3Flag expression plasmid. After 40 h of transfection,
the cells were harvested and subjected to anti-Flag immunoprecipitation. The anti-Flag immunoprecipitates and total lysates were analyzed by Western
blotting. (Top panel) Polyubiquitinated forms of NEMO are marked with closed triangles. (B) NEMOD304N inhibits Nkx3.2-mediated NF-�B activation.
The 4� �B-Luc reporter gene was transfected into ATDC5 cells with an empty vector or the Nkx3.2-3HA expression plasmid in the absence or presence
of the 6Myc-NEMOD304N expression construct. Luciferase activity was measured from total cell extracts at 48 h after transfection. (C) Nkx3.2-mediated
I�B ubiquitination is enhanced by NEMOWT and diminished by NEMOD304N. Expression constructs for 3Flag-I�B and 3HA-ubiquitin (Ub) were
cotransfected into 293T cells with the Nkx3.2-3Myc expression vector in the absence or presence of 6Myc-tagged NEMOWT or NEMOD304N expression
plasmids. After 24 h of transfection, which included a final 6 h of MG132 incubation, the cells were harvested. Anti-Flag immunoprecipitates and total
lysates were analyzed by Western blotting. (D) The polyubiquitin chain binding ability of NEMO is necessary for chondrocyte survival. ATDC5, NIH 3T3,
or HEK293 cells were infected with vector- or NEMOD304N-encoding lentiviruses. The percentage of apoptotic cells was estimated by FACS. (E) Nkx3.2
ubiquitination is required for Nkx3.2-IKK�-NEMO complex formation. 293T cells were transfected with 6Myc-NEMO and 6Myc-IKK� expression
constructs in the absence or presence of the 3Flag-tagged Nkx3.2WT or Nkx3.2KR expression plasmid. After 24 h, anti-Flag immunoprecipitates and total
lysates were analyzed by Western blotting. (F) NEMOWT stabilizes and NEMOD304N destabilizes the Nkx3.2-NEMO-IKK� complex. ATDC5 cells were
transfected with the Nkx3.2-3HA expression construct with or without the 6Myc-IKK� expression vector in the absence or presence of 6Myc-tagged
NEMOWT or NEMOD304N expression plasmids. The cells were harvested after 24 h of transfection, and anti-HA immunoprecipitates and total lysates
were analyzed by Western blotting. (G) Both NEMOWT and NEMOD304N are able to interact with IKK�. Expression constructs for 6Myc-IKK� were
cotransfected into ATDC5 cells with 3Flag-tagged NEMOWT or NEMOD304N expression plasmids. The cells were harvested after 30 h, and anti-Myc
immunoprecipitates and total lysates were analyzed by Western blotting. (H) Nuclear IKK activity can be augmented by stable overexpression of Nkx3.2.
Vector or Nkx3.2 stable ATDC5 cells were treated with 5 ng/ml TNF-� for 1 h as indicated. Anti-NEMO immunoprecipitation was performed with 500
�g of whole-cell extract (lanes 1 to 4), 1 mg of cytosolic fraction (lanes 5 and 6), or 200 �g of nuclear extract (lanes 7 and 8), and the indicated
immunoprecipitates were incubated with 1 �g of GST-I�B and[�-32P]ATP at room temperature. After 30 min, the reaction mixture was resolved by
SDS-PAGE and processed for autoradiography. (I) Chondrogenic lineage cells exhibit augmented steady-state nuclear IKK activity. Nuclear extracts
isolated from vector or Nkx3.2 stable ATDC5 cells were treated with 5 ng/ml TNF-� for 1 h as indicated. Anti-NEMO immunoprecipitation was
performed with 200 �g of nuclear extract isolated from HPC or ATDC5, C3H10T1/2, or NIH 3T3 cells, and the indicated immunoprecipitates were
processed for in vitro IKK assays. (J) Nkx3.2 can be associated with IKK activity. ATDC5 cells were transfected with an empty vector (lane 1) or the
Nkx3.2-3HA expression plasmid (lanes 2 and 3). Forty-eight hours after transfection, anti-HA immunoprecipitation was carried out with 500 �g of
whole-cell extracts. The indicated immunoprecipitates were preincubated with dimethyl sulfoxide (DMSO) (lanes 1 and 2) or 5 �M IKK2 inhibitor-IV
for 5 min prior to the addition of GST-I�B and [�-32P]ATP. The reaction mixture was analyzed by SDS-PAGE and autoradiography.
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than from nonchondrogenic C3H10T1/2 and NIH 3T3 cells
(Fig. 4I). Therefore, we consider that the results shown in Fig.
4H and I together may indicate a reasonable connection
between Nkx3.2 expression levels and nuclear IKK activity
levels. Finally, we were able to isolate substantial IKK ac-
tivity by immunoprecipitation of ectopically expressed
Nkx3.2 in ATDC5, and this Nkx3.2-associated IKK activity
was effectively inhibited by an IKK�-specific inhibitor
termed IKK2 inhibitor-IV (Fig. 4J). Thus, these results to-
gether indicate that Nkx3.2 can establish a functional IKK
complex in the nucleus, leaving the activation status of cy-
tosolic IKK relatively unaltered.

I�B-� phosphorylation at Ser32 and Ser36 is not required
for Nkx3.2 to induce I�B-� ubiquitination and NF-�B activa-
tion. I�B phosphorylation in its N terminus by IKK� has been
shown to be essential for subsequent I�B degradation (3, 13,
36). Since we have found that IKK� is required for Nkx3.2-
mediated NF-�B activation, we asked whether I�B-� phos-
phorylation at Ser32 and Ser36 is required for Nkx3.2-medi-
ated NF-�B activation, using a phosphorylation-defective
I�B-� mutant termed I�B(S32/36A) (I�BSA) (3, 36). Consis-
tent with the previous reports, functional activation of NF-�B
by an exogenous stimulation, such as exposure to TNF-�, was
effectively attenuated by wild-type I�B (I�BWT) and com-
pletely abolished by I�BSA (Fig. 5A). However, surprisingly,
Nkx3.2-mediated NF-�B activation was not affected by the
presence of either I�BWT or I�BSA, suggesting that I�B phos-
phorylation at Ser32 and Ser36 may not be an essential event
for Nkx3.2 to cause NF-�B activation (Fig. 5B). These results
prompted us to examine whether I�B phosphorylation is nec-
essary for Nkx3.2 to induce I�B ubiquitination. As would be
expected, TNF-� treatment augmented ubiquitination of
I�BWT but not of I�BSA (Fig. 5C). On the contrary, Nkx3.2
efficiently increased ubiquitination of both I�BWT and I�BSA

(Fig. 5D). Therefore, these results clearly demonstrate that
Nkx3.2 is capable of inducing I�B-� ubiquitination in the ab-
sence of its phosphorylation at Ser32 and Ser36.

Since Nkx3.2 is required to form a complex with I�B-� in the
nucleus to render RelA activation (28), we next examined
whether I�B-� phosphorylation status would alter the interac-
tion between Nkx3.2 and I�B-� in the nucleus. To this end,
we employed a bimolecular fluorescence complementation
(BiFC) assay (14). In brief, two nonfluorescent fragments of
yellow fluorescent protein (YFP) can reestablish fluorescence
when they are brought together by interactions between pro-
teins fused to each fragment of YFP. Using this YFP-based
BiFC assay, we confirmed that Nkx3.2 can directly interact with
I�BSA as well as I�BWT in the nucleus (Fig. 5E). Besides, co-IP
assays also demonstrated that Nkx3.2 can stably interact with
both I�BWT and I�BSA, and immunocytochemistry assays fur-
ther confirmed that Nkx3.2 can cause nuclear translocation of
both I�BWT and I�BSA (data not shown). Taken together,
these results indicate that Nkx3.2 is able to trap I�B in the
nucleus regardless of its phosphorylation status at Ser32 and
Ser36.

As shown in Fig. 2, IKK� is required for Nkx3.2-mediated
NF-�B activation. On the other hand, it is evident from the
results shown in Fig. 5 that I�B phosphorylation at Ser32 and
Ser36 presumably mediated by IKK� is dispensable for Nkx3.2
to induce I�B ubiquitination and NF-�B activation. Thus, to

unambiguously rule out the possibility that IKK� may function
via I�B phosphorylation, we next examined the effects of
IKK�KM on Nkx3.2-induced ubiquitination of I�BSA, which
carries mutations at IKK� phosphorylation sites (3, 36). Con-
sistent with the results shown in Fig. 5D, Nkx3.2 was capable of
inducing ubiquitination of I�BSA (Fig. 5F, top panel, lane 2).
However, interestingly, Nkx3.2 failed to cause I�BSA ubiquitina-
tion in the presence of IKK�KM (Fig. 5F, top panel, lane 3),
while the interaction between Nkx3.2 and I�BSA was not mod-
ulated by IKK�KM (Fig. 5F, second panel). Therefore, these
results demonstrate that IKK� has a crucial role in Nkx3.2-
mediated I�B-� ubiquitination other than I�B-� phosphoryla-
tion at Ser32 and Ser36.

IKK�-dependent Nkx3.2 phosphorylation plays a role in
Nkx3.2-mediated NF-�B activation subsequent to Nkx3.2-
NEMO-IKK� complex formation. So far in this work, we have
found that IKK� is necessary for Nkx3.2-mediated NF-�B ac-
tivation despite the fact that IKK�-mediated I�B-� phosphor-
ylation at Ser32 and Ser36 is not required and that Nkx3.2 is
able to functionally activate IKK� in the nucleus in association
with NEMO. Hence, we decided to next explore the possibility
that IKK� may phosphorylate Nkx3.2 and regulate its function.
Interestingly, in vitro kinase assays revealed that, at least in
vitro, Nkx3.2 can be a direct substrate of IKK� but not of IKK�
(Fig. 6A). In addition, mass spectrometric analyses indentified
that the Nkx3.2 residues Ser146 (or Ser148) and Ser168 are
specifically phosphorylated in vivo in response to IKK� coex-
pression (Fig. 6B). Therefore, we generated and characterized
Nkx3.2 mutants, including those with S146A, S148A, S168A,
S148/168A, and S146/168A mutations, and found that the
S148/168A mutation was most effective in eliminating the abil-
ity of Nkx3.2 to activate NF-�B in association with IKK� (data
not shown). Consistent with these findings, we found that,
unlike Nkx3.2WT, Nkx3.2(S148/168A) (Nkx3.2SA) was unable
to induce I�B-� ubiquitination (Fig. 6C). Furthermore, stable
overexpression of Nkx3.2SA, in contrast to that of Nkx3.2WT,
failed to delay chondrocyte apoptosis induced by NF-�B inhi-
bition (Fig. 6D). However, interestingly, despite their func-
tional differences in terms of causing I�B ubiquitination (Fig.
6C) and delaying programmed cell death (Fig. 6D), Nkx3.2WT

and Nkx3.2SA were equally competent in forming complexes
with IKK� and NEMO (Fig. 6E). Thus, these results suggest
that IKK�-induced Nkx3.2 phosphorylation becomes neces-
sary for steps subsequent to Nkx3.2-IKK�-NEMO complex
formation.

�TrCP can function in Nkx3.2-mediated I�B ubiquitination
in the nucleus. Our results to this point led us to hypothesize
that IKK�-induced Nkx3.2 phosphorylation may enhance the
recruitment of a ubiquitin ligase complex responsible for
Nkx3.2-induced I�B ubiquitination. It has been well docu-
mented for the classical NF-�B activation pathways that
�TrCP is responsible for signal-inducible I�B ubiquitination in
the cytoplasm (12, 32). However, to the best of our knowledge,
no ubiquitin ligases associated with nuclear ubiquitination of
I�B have been characterized.

To identify an E3 ligase engaged in Nkx3.2-mediated I�B
ubiquitination, we first investigated whether the I�B-� residues
Lys21 and Lys22 are associated with this process. As can be
seen in Fig. 7A, when the I�B mutant I�B(K21/22R) (I�BKR),
which carries mutations at sites of ubiquitination mediated by
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�TrCP, was tested, Nkx3.2 failed to enhance ubiquitination of
I�BKR (Fig. 7A, lane 7), while both I�BWT and I�BSA dis-
played elevated levels of ubiquitination in the presence of
Nkx3.2 (Fig. 7A, lanes 3 and 5). Since these results indicate
that �TrCP-mediated I�B-� ubiquitination and Nkx3.2-in-
duced I�B-� ubiquitination employ the same lysine residues
per se, we next examined the possibility that �TrCP may play

a role in Nkx3.2-induced I�B ubiquitination. Interestingly,
�TrCP siRNA effectively attenuated Nkx3.2-mediated I�B-�
ubiquitination (Fig. 7B, top). Consistent with these results, we
also found that NF-�B activation induced by Nkx3.2 can be
diminished by �TrCP siRNA (Fig. 7C). As additional evidence
in support of the involvement of �TrCP, we observed that
dominant negative �TrCP significantly reduced the ability of

FIG. 5. I�B phosphorylation is not required for Nkx3.2 to induce I�B ubiquitination. (A) I�B phosphorylation at Ser32 and Ser36 is essential
for NF-�B activation by TNF-�. 293T cells were transfected with the 4� �B-Luc reporter with an empty vector or the 6Myc-tagged I�BWT or I�BSA

expression plasmid. A subset of transfected cells was treated with 10 ng/ml TNF-� for the final 6 h of transfection. Luciferase activity was measured
from total cell extracts. (B) I�BSA is not able to suppress NF-�B activation mediated by Nkx3.2. 293T cells were transfected with the 4� �B-Luc
reporter constructs with an empty vector, 6Myc-I�BWT, or 6Myc- I�BSA expression plasmid in the absence or presence of the Nkx3.2-3HA
expression vector. After 30 h, luciferase activity was measured from total cell extracts. (C) I�B phosphorylation is required for TNF-�-induced I�B
ubiquitination. 293T cells were transfected with the 6Myc-tagged I�BWT or I�BSA expression plasmid for 24 h. Transfected cells were pretreated
with MG132 for 30 min before a final 1 h of incubation with 10 ng/ml TNF-�. Total lysates were analyzed by Western blotting. (D) I�B
phosphorylation is dispensable for I�B ubiquitination mediated by Nkx3.2. Expression vehicles for 6Myc-tagged I�BWT or I�BSA were transfected
into 293T cells in the absence or presence of the Nkx3.2-3HA expression plasmid for 24 h. Transfected cells were treated with MG132 for the final
6 h of incubation. Total lysates were analyzed by Western blotting. (E) Nuclear interaction of Nkx3.2 and I�B-� is not affected by the S32/36A
mutations of I�B-�. ATDC5 cells were cotransfected with expression vectors encoding N-terminal YFP (YFP-N) (a and d), YFP-N–I�BWT (b and
e), or YFP-N–I�BSA (c and f) with C-terminal YFP (YFP-C) (a and d) or the YFP-C–Nkx3.2 expression plasmid (b, c, e, and f) for 48 h.
Transfected cells were exposed to MG132 for the final 6 h of incubation. YFP fluorescence (a, b, and c) and DAPI staining (d, e, and f) were
detected. The scale bars represent 25 �m. (F) IKK� is required for Nkx3.2-mediated I�BSA ubiquitination. Expression constructs for 3HA-I�BSA

and 2V5-ubiquitin were transfected into 293T cells in the absence or presence of the Nkx3.2-3Myc or 6Myc-IKK�KM expression plasmid for 24 h.
Transfected cells were treated with MG132 for the final 6 h of incubation. Anti-HA immunoprecipitates and total lysates were analyzed by Western
blotting.
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FIG. 6. Nkx3.2 phosphorylation induced by IKK� is required for Nkx3.2-mediated NF-�B activation subsequent to Nkx3.2-NEMO-IKK�
complex formation. (A) Nkx3.2 can be phosphorylated by IKK� in vitro. Plasmids encoding 6Myc-tagged IKK�WT, IKK�KM, IKK�WT, or IKK�KM

were transfected into 293T cells. Forty-eight hours after transfection, immunoprecipitation was performed using anti-Myc antibodies, followed by
incubation with [�-32P]ATP and 0.5 �g of recombinant Nkx3.2 proteins as substrates. The reaction mixture was resolved by SDS-PAGE, stained
with Coomassie blue, and processed for autoradiography. (B) IKK�-induced in vivo phosphorylation sites of Nkx3.2. 293T cells were transfected
with the Nkx3.2-3Flag expression plasmid with or without the 6Myc-IKK� expression vector. After 48 h, anti-Flag immunoprecipitates were
resolved by SDS-PAGE and processed for mass spectrometry analyses. (C) Nkx3.2SA is not able to induce I�B ubiquitination. Expression constructs
encoding 6Myc-I�B and 2V5-ubiquitin were transfected into 293T cells in the absence or presence of the 3HA-tagged Nkx3.2WT or Nkx3.2SA

expression plasmid. After 24 h of transfection, which included a final 6 h of MG132 incubation, the cells were harvested. Anti-Myc immunopre-
cipitates and total lysates were analyzed by Western blotting. (D) Nkx3.2SA is not capable of inhibiting chondrocyte apoptosis. Vector, Nkx3.2WT,
or Nkx3.2SA stable ATDC5 cells were treated with 10 �M BAY. The percentage of apoptotic cells was estimated by three independently repeated
FACS analyses, and the average values are presented. (E) S148/168A mutation of Nkx3.2 does not affect its ability to form a complex with IKK�
and NEMO. 293T cells were transfected with 6Myc-NEMO and 6Myc-IKK� expression plasmids in the absence or presence of the 3HA-tagged
Nkx3.2WT or Nkx3.2SA expression construct. After 24 h, transfected cells were harvested. Anti-HA immunoprecipitates and total lysates were
analyzed by Western blotting.
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Nkx3.2 to induce I�B ubiquitination and activate NF-�B (data
not shown). Furthermore, YFP-based BiFC assays verified that
Nkx3.2 was able to establish direct protein-protein interactions
with �TrCP in the nucleus, where it mediates the degradation
of I�B (Fig. 7D). Taken together, these results demonstrate
that Nkx3.2 can recruit �TrCP into the nucleus and render
�TrCP-mediated nuclear I�B ubiquitination.

IKK�-induced Nkx3.2 phosphorylation can employ �TrCP
for I�B-� degradation in the absence of I�B-� phosphoryla-
tion at Ser32 and Ser36. Since we have found that �TrCP can
function in Nkx3.2-mediated I�B ubiquitination and form a
complex with Nkx3.2 in the nucleus (Fig. 7A to D), we next
asked whether IKK�-dependent Nkx3.2 phosphorylation can
regulate the interaction between Nkx3.2 and �TrCP. Co-IP
assays revealed that Nkx3.2 is able to form a complex with
�TrCP, and this interaction is remarkably reduced by IKK�KM

coexpression (Fig. 7E, top panel). In addition, we demon-
strated that Nkx3.2SA, which contains mutations at IKK�-in-
duced phosphorylation sites, is unable to interact with �TrCP,
unlike Nkx3.2WT and Nkx3.2(S146/168A) (Fig. 7F, top panel)
[Nkx3.2(S146/168A) was included as an internal negative con-

trol for S-to-A mutations.] These results clearly indicate that
IKK�-induced Nkx3.2 phosphorylation at Ser148 and Ser168 is
necessary for Nkx3.2 to form a stable complex with �TrCP.

It has been previously demonstrated that I�B phosphoryla-
tion at Ser32 and Ser36 is essential for both �TrCP–I�B-�
interaction and �TrCP-mediated I�B-� ubiquitination (33,
42). In contrast, our results revealed that Nkx3.2 can employ
�TrCP to cause I�B-� ubiquitination regardless of I�B-� phos-
phorylation at Ser32 and Ser36. Thus, we next attempted to
determine whether Nkx3.2 is indeed capable of inducing
�TrCP–I�B-� interaction in the absence of I�B-� phosphory-
lation at Ser32 and Ser36 (i.e., �TrCP-I�BSA interaction). In
agreement with the previous reports (33, 42), �TrCP alone
failed to interact with I�BSA; however, interestingly, �TrCP
was competent to form a complex with I�BSA in the presence
of Nkx3.2 (Fig. 7G, top panel). Consistent with these results,
�TrCP was able to induce I�BSA degradation in the presence
but not in the absence of Nkx3.2 (Fig. 7H, top panel). There-
fore, these results together demonstrate that Nkx3.2 is capable
of recruiting �TrCP to the complex to cause I�B degradation
in the absence of I�B phosphorylation at Ser32 and Ser36.

FIG. 7. Nkx3.2 recruits �TrCP to induce I�B phosphorylation-independent I�B ubiquitination. (A) Lys21 and Lys22 of I�B-� are employed for
Nkx3.2-mediated I�B-� ubiquitination. Expression constructs encoding 6Myc-tagged I�BWT, I�BSA, or I�BKR were transfected with the 3HA-ubiquitin
expression vector in the absence or presence of the Nkx3.2-3Flag expression plasmid. After 24 h of transfection, which included a final 6 h of MG132
incubation, the cells were harvested. Anti-Myc immunoprecipitates and total lysates were analyzed by Western blotting. (B) �TrCP siRNA reduces
Nkx3.2-mediated I�B ubiquitination. Plasmids encoding 6Myc-I�B and Nkx3.2-3HA were cotransfected with control or �TrCP siRNA into ATDC5 cells.
After 24 h, a second transfection of control or �TrCP siRNA was performed for an additional 18 h, which included a final 6 h of MG132 incubation. Total
lysates were then analyzed by Western blotting. (Top) Open triangles indicate polyubiquitinated forms of I�B. (Bottom) The level of �TrCP mRNA was
assessed by RT-PCR. (C) �TrCP RNA knockdown attenuates Nkx3.2-mediated NF-�B activation. ATDC5 cells were transfected with control or �TrCP
siRNA. Thirty hours later, cells were transfected with 4� �B-Luc reporter in the absence or presence of the Nkx3.2-3HA expression construct. After an
additional 30 h, luciferase assays were performed. (D) Nkx3.2 can form a complex with �TrCP in the nucleus. ATDC5 cells were cotransfected with
expression vectors encoding YFP-N (a and c), YFP-N–�TrCP (b and d), and YFP-C–Nkx3.2 (a to d). After 40 h of transfection, which included a final
6 h of MG132 incubation, YFP fluorescence (a and b) and DAPI staining (c and d) were detected. The scale bars represent 25 �m. (E) Dominant negative
IKK� abolishes the interaction between Nkx3.2 and �TrCP. Expression vectors encoding Nkx3.2-3HA and 3Flag-�TrCP were transfected into 293T cells
in the absence or presence of the 6Myc-IKK�KM expression plasmid for 24 h. Anti-HA immunoprecipitates and total lysates were analyzed by Western
blotting. (F) IKK�-induced phosphorylation of Nkx3.2 is required for the interaction between Nkx3.2 and �TrCP. 293T cells were transfected with the
3Flag-�TrCP expression construct in the absence or presence of the 3HA-tagged Nkx3.2WT, Nkx3.2SA, or Nkx3.2SA expression plasmid. After 24 h, cells
were harvested, and anti-HA immunoprecipitates and total lysates were analyzed by Western blotting. (G) Nkx3.2 can target �TrCP to I�BSA. Expression
plasmids for 6Myc-I�BSA and 3Flag-�TrCP were transfected into 293T cells in the absence or presence of Nkx3.2-3HA. After 24 h, anti-Myc
immunoprecipitates and total lysates were analyzed by Western blotting. (H) Nkx3.2 enables �TrCP to induce I�BSA degradation. Expression constructs
encoding 6Myc-I�BSA and 3Flag-�TrCP were transfected into 293T cells in the absence or presence of the Nkx3.2-3HA expression plasmid for 48 h. Total
lysates were analyzed by Western blotting. (I) IKK� function is required to be intact for chondrocyte viability maintenance. ATDC5, NIH 3T3, or
HEK293 cells were infected with vector- or IKK�KM-encoding lentivirus. The percentage of apoptotic cells was estimated by FACS.
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As we have characterized a precise role of IKK� in Nkx3.2-
mediated NF-�B activation, we finally sought to determine
whether the enzymatic activity of IKK� is indeed required for
chondrocyte survival. Interestingly, lentiviral infection of
IKK�KM alone was sufficient to cause significant cell death in
chondrogenic ATDC5 cells in the absence of any additional
apoptotic stimuli (Fig. 7I, second bar). On the other hand, this
was not the case in other nonchondrogenic cell types such as
NIH 3T3 and HEK293 cells (Fig. 7I, fourth and sixth bars).
Therefore, analogous to the findings with NEMO, these results
indicate that IKK� is a critical component for cell type-specific
viability maintenance in chondrocytes.

DISCUSSION

While many analyses of I�B degradation have focused on
cytoplasmic degradation mechanisms functioning in response
to NF-�B-activating signals, it is unclear how I�B degradation
can occur to allow intrinsic NF-�B activation in the absence of
exogenous signals. Here we describe that polyubiquitin chain-

dependent but exogenous signal-independent Nkx3.2-NEMO
interactions establish constitutive IKK� activation in the nu-
cleus, and subsequently, IKK�-dependent phosphorylation of
Nkx3.2 allows �TrCP recruitment to this nuclear complex to
induce I�B-� ubiquitination independently of its phosphoryla-
tion at Ser32 and Ser36 (Fig. 8). Therefore, our results provide
a precise molecular explanation as to how an intracellular
factor can function to accomplish intrinsic NF-�B activation
without a requirement of external signals.

In fact, our findings suggest an intriguing role for cell type-
specific intrinsic NF-�B activation. By employing the mecha-
nisms presented in this work, an intracellular factor expressed
in a particular group of cells would be able to accomplish
autonomous NF-�B activation to fulfill a physiological need
without a requirement for external signals. In our case, these
mechanisms enable Nkx3.2 to cause persistent NF-�B activa-
tion, which, in turn, supports chondrocyte survival. In addition,
we interestingly observed that functionally intact IKK� and
NEMO are required for viability maintenance in multiple

FIG. 8. Schematic presentation of molecular mechanisms for exogenous signal-independent intrinsic NF-�B activation mediated by Nkx3.2.
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chondrogenic lineage cells, including ATDC5 cells and various
human primary chondrocytes, but not in other cell types we
tested, such as fibroblasts, mesenchymal cells, and epithelial
cells. Therefore, it appears that IKK� and NEMO play a crit-
ical role for a subset of cell types requiring persistent antiapop-
totic NF-�B signaling for their survival. Although an anti-
apoptotic role for NF-�B during embryogenesis has been
suggested (2, 10), our understanding relevant to cartilage de-
velopment is relatively limited (16, 17, 28, 43). While these
previous studies did not address molecular mechanisms re-
sponsible for constitutive IKK and/or NF-�B activation in
chondrocytes, our current study may provide a molecular ex-
planation as to how a nuclear factor such as Nkx3.2 can enable
steady-state IKK activation leading to constitutive NF-�B ac-
tivation, which can be associated with cell viability mainte-
nance in chondrocytes (28, 43). The results shown in this work
may enhance our mechanistic understanding as to how the
NF-�B pathway functions during bone development.

As would be expected, to demonstrate that Nkx3.2 is capable
of inducing constitutive nuclear IKK� activation and I�B deg-
radation, the use of exogenous NF-�B-activating reagents was
not necessary. However, it is still possible that Nkx3.2 might
have established an autocrine loop for NF-�B activation by
inducing the expression of NF-�B-activating ligands. Neverthe-
less, the involvement of additional NF-�B-activating ligands
induced by Nkx3.2 during Nkx3.2-mediated NF-�B activation
process is quite unlikely, since we found that dominant nega-
tive I�B (i.e., I�BSA), which is a potent suppressor against
ligand-induced NF-�B activation, did not affect Nkx3.2-medi-
ated NF-�B activation (Fig. 5). In addition, it has been shown
that overexpression of various components in the NF-�B path-
way, such as the TNF receptor and RIP, can cause NF-�B
activation in the absence of exogenous stimulation. However,
it should be pointed out that NF-�B activation under these
circumstances clearly mimics signal-dependent processes such
cytoplasmic IKK� activation and Ser32/Ser36 phosphoryla-
tion-dependent I�B degradation. In clear contrast, Nkx3.2
overexpression causes nucleus-specific IKK activation and trig-
gers Ser32/Ser36 phosphorylation-independent degradation of
I�B in the nucleus. Furthermore, NF-�B activation induced by
TNF receptor or RIP overexpression can be completely abol-
ished by dominant negative I�B (i.e., I�BSA), whereas Nkx3.2-
induced NF-�B activation is not obstructed by I�BSA. Thus,
these lines of information indicate that Nkx3.2-mediated
NF-�B activation mechanisms are fundamentally distinct from
the classical ligand-dependent NF-�B activation processes.

It has been demonstrated that polyubiquitin chain-depen-
dent complex formation between NEMO and RIP1 permits
signal-dependent IKK activation (9, 41). In this regard, the role
of Nkx3.2 is quite similar to that of RIP in the classical NF-�B
pathways. However, a critical difference between the actions of
RIP and Nkx3.2 is the fact that the RIP-NEMO interaction
takes place in the cytoplasm and is induced in response to
NF-�B-activating signals, while the Nkx3.2-NEMO interaction
in chondrocytes occurs in the nucleus and is exogenous signal
independent (i.e., constitutive). Furthermore, our results show
that polyubiquitin chain-dependent Nkx3.2-NEMO interac-
tions give rise to functional activation of IKK� in the nucleus
but not in the cytoplasm.

While both Nkx3.2 and NEMO are found to be polyubiq-

uitinated in the complex of Nkx3.2 and NEMO, our results
indicate that sensing of the polyubiquitinated forms of Nkx3.2
by NEMO is possibly more critical in stabilizing the interac-
tions between Nkx3.2 and NEMO than vice versa. For in-
stance, Nkx3.2 maintains lower but still detectable interactions
with NEMOD304N (Fig. 4A), while NEMO shows negligible
affinity to Nkx3.2KR (Fig. 3D). Thus, we speculate that the
ability of NEMO to recognize the polyubiquitinated forms of
Nkx3.2, which constitutively exist in the nucleus, is most im-
portant to enable persistent nuclear IKK activation in chon-
drocytes. However, the presence of polyubiquitin chains may
not be an absolute requirement for the initial contacts between
Nkx3.2 and NEMO, as we found both nonubiquitinated and
polyubiquitinated forms of each in the complex. Nevertheless,
multiple experiments shown in this work demonstrate that
both NEMOD304N (defective in polyubiquitin chain sensing)
and Nkx3.2KR (defective in being polyubiquitinated) are func-
tionally impaired. Therefore, it is most likely that the presence
of polyubiquitinated forms of NEMO and Nkx3.2 is necessary
for subsequent IKK� recruitment and that this additional sta-
bilization is necessary, in practice, for the Nkx3.2-NEMO com-
plex to be capable of inducing functional activation of NF-�B.

We demonstrate that Nkx3.2 directly interacts with �TrCP
in the nucleus and that this interaction between Nkx3.2 and
�TrCP requires IKK�-induced Nkx3.2 phosphorylation at
Ser148 and Ser168. In theory, these phosphorylation sites may
directly serve as a motif for �TrCP contacts, or Ser148/Ser168
phosphorylation may induce critical conformational changes in
Nkx3.2 to permit stable interactions between Nkx3.2 and
�TrCP. Since we have not yet determined whether the IKK�-
dependent phosphorylation sites on Nkx3.2 are indeed the
sites of contact with �TrCP, either of these two distinct mech-
anisms would be possible. However, in any scenario, it is ap-
parent that the presence of Nkx3.2 in the complex allows
�TrCP to trigger I�B-� ubiquitination regardless of I�B-�
phosphorylation at Ser32 and Ser36. Thus, one can envision
that I�B-� and �TrCP, once complexed with Nkx3.2 in the
nucleus, may establish an interface distinct from the cytoplas-
mic I�B degradation complex.
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